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Featured Application


The presented data constitute an extension of the current thermodynamic knowledge concerning the Cu-Mg-Ti system and can be applied for further phase equilibrium calculations of the system.




Abstract


Since there is limited information available in the literature about the thermodynamic properties of the Cu-Mg-Ti system, this work aims to determine the mixing enthalpy change for several liquid alloys from this system. To achieve the intended purpose, the applied methods were divided into two stages. The first one covered a high-temperature calorimetric measurement of the enthalpy of mixing performed at 1123–1402 K for liquid solutions in six measurement series (A–F). The obtained experimental results indicate that the liquid solutions are characterized by negative deviations from ideal solutions across the whole measured concentration range. The second stage of the study includes thermodynamic modeling. At first, based on the calorimetrically obtained experimental data and thermodynamic properties of the binary systems described by the Redlich–Kister model, a set of ternary optimized parameters for the Cu-Mg-Ti system were calculated. Then, for the calculation of the mixing enthalpy change, two models were used—the symmetrical Muggianu model and the asymmetrical Toop model. This study complements the information available in the literature and the obtained results aim to fill the gap in the current knowledge on thermodynamic properties.







Keywords:


thermodynamic properties; Cu-Mg-Ti; liquid alloys; high-temperature calorimetry; enthalpy of mixing












1. Introduction


Attractive properties of Ti-based alloys, such as low density, high melting point, high strength to specific gravity ratio, and corrosion resistance make them suitable, for example, for automotive, aviation, marine, and space industries applications. Additionally, the high biocompatibility of these alloys makes them useful in the biomedical industry [1]. When combined with copper, alloys are characterized by increased antibacterial properties [2,3]. The literature also shows that Cu-Ti alloys are promising candidates for the replacement of Cu-Be alloys, which are expensive and hazardous to health during processing [4,5]. In terms of Mg-based alloys, they are known as a light-weight structural material, due to their potential weight-saving characteristics [6]. Among other magnesium-based alloys, they can be considered a solid-state hydrogen storage material [7,8,9]. Due to the diverse applications of copper-, magnesium-, and titanium-based alloys, research into their ternary system may potentially lead to the development of advanced materials that can be used, additionally, in many industrially important areas, similar to the binary system that forms the ternary system.



The first stage of research on any multicomponent system is to learn the properties of the binary systems, which in the case of the Cu-Mg-Ti system are the Cu-Mg, Cu-Ti, and Mg-Ti systems. For the Cu-Mg system, a detailed review of the literature was presented in our previous work [10]. In order to briefly introduce the system, it is characterized by the occurrence of five phases including the liquid phase, a copper-rich solid solution (Cu), two intermetallic phases (CuMg2 and Cu2Mg), and a magnesium-rich solid solution (Mg) with restricted solubility of copper [11,12]. In relation to thermodynamic properties, the experimental determination of the enthalpy of mixing for binary alloys has been presented in two works. As demonstrated in Sommer et al. [13] and Batalin et al. [14], the obtained values indicate the negative values of the mixing enthalpy for the whole concentration range under investigation. The data presented in both papers are consistent with each other. In terms of the Cu-Ti system, a detailed review of the literature was presented in one of our previous works [15]. The Cu-Ti system is composed of six intermetallic phases (βCu4Ti, Cu2Ti, Cu3Ti2, Cu4Ti3, CuTi, and CuTi2) and four other phases (liquid, Cu, βTi, and αTi) [16,17]. The enthalpies of mixing solid titanium with liquid copper have been determined by Yokokawa and Kleppa [18] at 1372 K and by Kleppa and Watanabe [19] by high-temperature reaction calorimetry. Moreover, Turchanin et al. [20] used solution calorimetry at temperatures of 1573 K and 1873 K over broad concentration ranges. Due to the discrepancy in the available literature data in our previous work, we determined the mixing enthalpy for Cu-Ti alloys [15]. The mixing enthalpy change data obtained in that study were found to be in better agreement with the data from [18,19] than with the data from [20]. The Mg-Ti system assessment by Murray [21] shows the elements’ very low mutual solubility. Under the equilibrium conditions, the following three solid phases occur: low-temperature αTi solid solution, low-temperature Mg solid solution, and the βTi solid phase.



In the case of the Cu-Mg-Ti system, available data are for Cu-rich alloys containing 0–22 at. % Ti and 0–36 at. % Mg. As a result of the investigation, a projection of the partial liquidus surface for the Cu corner of the Cu-Mg-Ti phase diagram and partial isothermal section at 700 °C was constructed. In the studied part of the ternary phase diagram, only one four-phase invariant equilibrium of the transition type is established. It happens at 780 °C and has a peritectic nature and occurs through crystallization [22].



This is the first calorimetric study of mixing enthalpies for the liquid Cu–Mg–Ti system beyond the Cu-rich corner previously reported in [22]. This research’s principal goal is to expand the current knowledge of the thermodynamic properties of liquid alloys from the ternary Cu-Mg-Ti system. Obtaining experimental data and ternary interaction parameters is the first step toward a thorough investigation and evaluation of the system. Furthermore, the results presented in this paper may contribute as a first step to a more accurate understanding of the ternary system. The presented results would address the lack of information in the literature regarding the mixing enthalpy of alloys from the Cu-Mg-Ti system. The data can be used to model phase equilibria and optimize thermodynamic parameters for the cited system and higher-order systems.




2. Materials and Methods


Outcomes shown in this study were achieved with an approach that can be seen as a two-stage process. In the first stage, described as an experimental stage, high-temperature drop calorimetry measurements with the Setaram MHTC 96 line evo (Setaram Instruments—KEP technologies, Caluire, France) calorimeter were performed. The experiments were conducted under a high-purity argon (Pioniergas, Krakow, Poland) atmosphere with a pressure of 0.1 MPa for six measurement series, with the initial compositions presented in Figure 1 and summarized in Table 1. The protective high-purity Argon atmosphere used during each of the described calorimetric measurements is intended to limit the risk of oxidation during each measurement series. The measurement procedure was similar to that in our previous work on measuring the thermodynamic properties of liquid alloys from the Ag-Mg-Ti system [23].



For the sample preparation, high-purity metal wires were used. The final sample had a cylindrical shape with a diameter of 3 mm and a height in the range of 3 mm to 20 mm. Before every measurement series, the calorimeter was purged with high-purity argon and vacuum-pumped several times. To get rid of any possible surface contamination, the samples were mechanically cleaned with a file before being put into the reaction crucible. For series A–E, crucibles made of magnesium oxide (MgO) (INN-THERM, Trzcianka, Poland) and for series F, ZrO2 + Y2O3 crucibles (P.P.H.U. “POWŁOKA” S.C. T. Kurach, P. Woźniak, K. Posytek, Karczew, Poland) were used. Measurements were performed using two types of crucibles to check whether the material used affected the obtained calorimetric results. More information about the used materials is listed in Table 2.



Calorimetric measurements conducted as part of this work include three main stages, which were calibration, measurement of the mixing enthalpy of the binary alloys, and measurement of the mixing enthalpy of the ternary alloys. Each of the mentioned stages can be presented in the form of the following reactions summarized in Table 3.



In the above reaction, symbols stand as follows: s for solid state; l for liquid state; x, y, and z represent the number of moles of Cu, Mg, and Ti; CuxMgy(l,TM) and CuxTiz(l,TM) represent the formation of a starting binary liquid alloy and include the increments in enthalpy for pure magnesium and the melting enthalpy at the measurement temperature; and     Cu  x    Mg  y    Ti      z   ( l   , T   M  )  i    represents the formation of the ith ternary alloy (i = 1, 2, 3, …) and includes the changes in enthalpy for the added metal (Ti or Mg) and the melting enthalpy for the added metal at the measurement temperature.



Figure 2 shows the example of the recorded thermal effects connected with the subsequent stages of the high-temperature drop calorimetry measurements for the measurement series B (results in Table A2).



During the calibration process based on the thermal effects caused by dropped calibration samples, the calibration constant was determined using Equation (1).


   K =        Δ H   X   T D  →  T M       · n   X       Δ H    Calibration       



(1)




where      Δ H   X   T D  →  T M      is the molar enthalpy difference in the calibrant element between room temperature (TD) and the measurement temperature (TM), calculated using relations in [24],    n X    is the number of moles of the calibrant sample, and      Δ H    Calibration     is the voltage signal given in (μV·s)−1, caused by the heat increment that comes from the dropped calibrant sample. Information about the calibration material and the calibration constant for each measurement series is summarized in Table A1, Table A2, Table A3, Table A4, Table A5 and Table A6 together with the results.



Based on the heat effects of the solution of Mg and Ti measured during the experiment and Equations (2) and (3), the mixing enthalpy change for the binary and ternary alloy was calculated. Additionally, the partial molar enthalpies were determined using Equation (4).


   Δ  mix    H =      Δ  mix    H  Bin   + ∑  H   DISS-X       n  Cu      + n    Mg      + n    Ti       



(2)






   H   DISS-X    =      Δ H    Signal    · K    -      Δ H   X   T D  →  T M       · n   X       



(3)






     Δ    H ¯    X  =     H   DISS-X       n X      



(4)







The symbols denote as follows:    Δ  mix    H  Bin     is the mixing enthalpy change in the binary alloy;    H   DISS-X      is the enthalpy of dissolution of pure magnesium and titanium; nX are the numbers of moles of each element (X = Mg or Ti);      Δ H    Signal     is the voltage signal given in (μV·s)−1, caused by the heat increment that comes from each dropped Mg or Ti; and      Δ    H ¯    X    is the partial molar enthalpy.



The second stage of the study covered the modeling of thermodynamic properties. The most common methods of modeling thermodynamic properties are based on calculating the contributions from lower-order systems. Numerous methods have been proposed to describe the properties of ternary systems, of which the most widely utilized are the Kohler [25], Muggianu [26], Toop [27], and Bonnier [28] models. Subsequent to this, Hiller [29] divided these models into the following two groups: symmetric and asymmetric. The first two mentioned models are classified as symmetric; in this group, the binary systems are considered to be equivalent. These models are expected to demonstrate the most efficiency in ternary systems where all binary systems exhibit similar deviations from ideal solutions. The remaining two models are classified as asymmetrical; they address the scenario when one of the binary systems exhibits a substantial deviation from the ideal solution or a contrasting sign compared to the other binary systems. This scenario occurs in the Cu-Mg-Ti system due to the Mg-Ti system, which is characterized by positive deviation from the ideal solution.



The obtained experimental data presented in Appendix A were used to evaluate the thermodynamic properties by the symmetrical Muggianu model [26] and the asymmetrical Toop model [27]. Their mathematical expression represents Equations (5) and (6). The distinction between the two groups of models is presented in Figure 3, which shows geometric representations of Muggianu [26] and Toop [27] models.


   Δ  mix    H =    ∑  i    ∑    j > i       x i     · x   j  ·   ∑  a   L  i , j   L i q u i d    a       x i  −  x j     a       + x   i   x j   x k   · (   L 123 Liquid   0  +  L 123 Liquid   1     · x   i  +  L 123 Liquid   2     · x   j  +  L 123 Liquid   3     · x   k  )  



(5)






   Δ  mix   H  =      x j    1 −  x i      Δ  mix    H   i , j       x i     , 1 - x   i    +     x k       1 − x   i      Δ  mix    H   i , k       x i   , 1  −  x i       + ( x   j     + x   k   ) 2   Δ  mix    H   j , k    (     x j     x j     + x   k      ,        x k     x j     + x   k     )  



(6)




where      Δ  mix    H      is the mixing enthalpy change in the liquid Cu-Mg-Ti alloys,    x i   ,    x j   ,    x k    are the mole fractions of each element of the Cu-Mg-Ti alloy,    L  i , j   L i q u i d    a    represents the binary interaction parameters (Cu-Mg, Cu-Ti, and Mg-Ti) in the Redlich–Kister polynomial [30], and    L 123 Liquid   a    (a = 0, 1, 2, 3) represents the ternary interaction parameters.




3. Results and Discussion


The obtained values of the integral molar mixing enthalpies, the mole fraction of pure elements, drop enthalpies, calibration constants, and other important information about each measurement series are gathered in Appendix A in Table A1, Table A2, Table A3, Table A4, Table A5 and Table A6. In the case of the first four A–D measurement series (Table A1, Table A2, Table A3 and Table A4 in Appendix A), the starting binary alloys were from the Cu-Mg system. The determined values of mixing enthalpy for the liquid Cu-Mg alloys with the constant xCu/xMg ratios equal to 3/1, 1/1, 3/2, and 1/3 are in good agreement with the experimental data reported in the literature [13,14]. The results presented in both mentioned paper indicate that the enthalpy of mixing values is negative, which is consistent with the obtained data. The discrepancy for alloys with similar compositions does not exceed 1.2 kJ·mol−1, thereby indicating a satisfactory agreement between the presented and the literature results for binary alloys from the Cu-Mg system [10]. The values for the integral mixing enthalpy for ternary alloys for all series with the Cu-Mg alloy as a starting alloy are characterized by negative values across the whole measured composition range. The minimum for these four series was observed in measurement series D (Cu0.50Mg0.50)xTi1−x and xTi = 0.0286.



For measurement series E and F (Table A5 and Table A6 in Appendix A), the starting binary alloys were from the Cu-Ti system. As observed in the case of Cu-Mg binary alloys, the results for Cu-Ti alloys are consistent with those reported in the extant literature [15,18,19]. Once more, the mixing enthalpy for these alloys is characterized by negative deviation from the ideal solution. The difference for alloys with similar composition presented in this work and reported in [18,19] is not greater than 0.6 kJ·mol−1. When analyzing the measurement results for ternary alloys, it can be seen that across the whole measured composition range, the integral enthalpy of mixing is characterized by a negative deviation from the ideal solution. The minimum in these two measurement series was observed for series F (Cu0.82Ti0.18)xMg1−x and xMg = 0.1042. In the context of measurement series E and F, it should also be noted that two reaction crucible materials were used during the calorimetric measurements. When analyzing the values determined for both measurement series, the differences in the determined mixing enthalpy are within the measurement uncertainties. This suggests that the crucible material does not affect the final mixing enthalpy value at the studied temperature and composition.



Table 4 presents the values of the integral molar enthalpy of mixing for respective sections in the vicinity of the cross points of the cross-sections with series A. The difference between the values obtained in the intersection point 1 is equal to 0.21 kJ·mol−1. In the case of the intersection point 2, the difference between the determined values is significantly greater, exceeding 1 kJ·mol−1. This observation suggests better agreement in the intersection point of series A and F. However, when the standard uncertainties of the measurement for series E are taken into account, the obtained value is found to be in proximity to the enthalpy at the intersection point for series A.



Based on the calorimetric data presented in Appendix A in Table A1, Table A2, Table A3, Table A4, Table A5 and Table A6, the set of thermodynamic parameters for the liquid ternary alloys was calculated by the least squares method with the use of the proprietary optimization program (TerGexHm 1.0). The calculated standard deviation is equal to 1.012 kJ/mol. The thermodynamic parameters for the liquid binary alloys were taken from the literature and from our previous works focused on the re-optimization of the Cu-Ti [15] and Cu-Mg [10] phase diagrams. All used thermodynamic parameters are listed in Table 5.



Applying the parameters from Table 5, the integral and partial mixing enthalpies for the Cu-Mg-Ti liquid solutions were calculated for experimental cross-sections and are presented in Appendix B in Table A7, Table A8, Table A9, Table A10, Table A11 and Table A12. All the experimentally obtained and calculated values of the integral mixing enthalpy are presented in Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9. The solid lines show the calculated data with Equation (5), the dashed line represents the values calculated with Equation (6), and the symbols show the experimental values obtained in this study.



In terms of measurement series A, when comparing the difference between the calculated and experimentally determined values, a difference of less than −1 kJ·mol−1 can be observed when using the Toop model [27] and −1.52 kJ·mol−1 for the Muggianu model [26]. The modeled values for this section do not indicate a positive deviation of the enthalpy of mixing. For measurement series B presented in Figure 5, a change in the nature of the curve representing the integral enthalpy of mixing is noticeable. The calculated values with both models indicate negative values for this section. A similar curve character is observed for measurement series C and D (Figure 6 and Figure 7), for which the majority of the modeled concentration range indicates negative values. For specific xTi values, the calculated data for both employed models show a positive integral mixing enthalpy. However, Muggianu model predicts a transition from negative to positive values for lower xTi in comparison to those predicted with the Toop model. For series C, positive values are observed for xTi = 0.59 according to Muggianu model and from xTi = 0.87 for Toop model. In series D, the transition is observed for xTi = 0.48 according to Muggianu model and xTi = 0.71 for Toop model.



In the case of measurement series E and F, in which the Cu-Ti alloys were the initial alloys, the values predicted by both models indicate a negative integral mixing enthalpy for both sections.



It should be noted that an analysis of the models’ ability to predict the enthalpy of mixing change for ternary solutions reveals that it is difficult to determine which model provides a more accurate prediction. Therefore, obtaining experimental data for the enthalpy change in mixing for titanium-rich Cu-Mg-Ti ternary alloys would be valuable for properly assessing the applicability of Muggianu and Toop models.




4. Conclusions


This paper presents the results of the investigation of the ternary liquid alloys from the copper-magnesium-titanium system. Measurements were performed for six series at a temperature range between 1172 K and 1402 K using the high-temperature drop calorimetry method. The obtained calorimetric results of the integral molar mixing enthalpy change show a negative deviation from ideal solutions over the entire measurement range of concentrations. Based on the presented calorimetric data, the set of thermodynamic parameters for the liquid ternary alloys were calculated by the least squares method with the use of the proprietary optimization program.



The integral and partial mixing enthalpies for the Cu-Mg-Ti liquid solutions were calculated with Muggianu and Toop models for experimental cross-sections. In terms of measurement series C and D for specific xTi values, the calculated values indicate positive integral mixing enthalpy values, which is evident for both employed models. For measurement series A, E, and F, the values predicted by both models indicate negative values.



The presented calorimetric results enhance the existing knowledge concerning thermodynamic properties of the Cu-Mg-Ti system. Further studies of this Cu-Mg-Ti ternary system are necessary to determine, among other things, the structural properties and thermodynamic properties of solid and liquid solutions and phases necessary for modeling the phase diagram and physicochemical, mechanical, and other properties.
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Appendix A


Appendix A presents a tabular summary of the experimental measurements of mixing enthalpy change for series A–F (Table A1, Table A2, Table A3, Table A4, Table A5 and Table A6), together with the essential information about each measurement series.





 





Table A1. The integral molar mixing enthalpy of Cu-Mg-Ti alloys—Series A. Calibration material: copper. Standard states: pure liquid elements.






Table A1. The integral molar mixing enthalpy of Cu-Mg-Ti alloys—Series A. Calibration material: copper. Standard states: pure liquid elements.





	
Number of Dropped Moles

	
Heat Effect

	
Drop Enthalpy

	
Mole Friction

	
Integral Molar Mixing Enthalpy

	
Partial Molar Enthalpy

	
Standard

Uncertainties




	
[mol]

	
[kJ]

	
[kJ·mol−1]

	

	
[kJ·mol−1]

	
[kJ·mol−1]

	
[kJ·mol−1]






	
(Cu0.90Mg0.10)1−xTix—series A

  Starting   parameters :    n Cu    =   0.02199   mol ;   K   =   8.173 ·  10  − 6     kJ · ( μ Vs  )  − 1   ;    T D    =   298   K ;    T M    =   1402   K ;      Δ H    Cu    T D  →  T M      = 43.9519 kJ·mol−1;

     Δ H    Mg    T D  →  T M      = 42.6648   kJ · mol  − 1  ;      Δ H    Ti    T D  →  T M      = 46.8497 kJ·mol−1.

Standard uncertainties of starting parameters: u(nCu) = 0.0000016 mol; u(nMg) = 0.0000041 mol; u(nTi) = 0.0000021 mol; u(TD) = 1 K; u(TM) = 1 K; u(K) = 5.43·10−8 kJ·(μVs)−1.




	
    n  Mg     

	
      Δ H    Signal    · K    

	
    H   DISS-Mg      

	
    x  Mg     

	
    Δ  mix   H   

	
      Δ    H ¯     Mg     

	
      u ( Δ    mix    H )    




	
0.00244

	
0.02013

	
−0.0841

	
0.1003

	
−3.443

	
−34.4

	
0.005




	
    n  Ti     

	
      Δ H    Signal    · K    

	
    H   DISS-Ti      

	
    x  Ti     

	
    Δ  mix   H   

	
      Δ    H ¯     Ti     

	
      u ( Δ    mix    H )    




	
0.00044

	
0.01935

	
−0.0012

	
0.0176

	
−3.431

	
−2.8

	
0.011




	
0.00047

	
0.02015

	
−0.0020

	
0.0359

	
−3.445

	
−4.2

	
0.016




	
0.00048

	
0.02176

	
−0.0007

	
0.0538

	
−3.407

	
−1.4

	
0.022




	
0.00080

	
0.03604

	
−0.0016

	
0.0824

	
−3.366

	
−2.0

	
0.031




	
0.00085

	
0.03475

	
−0.0049

	
0.1106

	
−3.440

	
−5.8

	
0.039




	
0.00088

	
0.03982

	
−0.0015

	
0.1383

	
−3.385

	
−1.7

	
0.048




	
0.00170

	
0.07669

	
−0.0029

	
0.1870

	
−3.290

	
−1.7

	
0.065











 





Table A2. The integral molar mixing enthalpy of Cu-Mg-Ti alloys—Series B. Calibration material: copper. Standard states: pure liquid elements.






Table A2. The integral molar mixing enthalpy of Cu-Mg-Ti alloys—Series B. Calibration material: copper. Standard states: pure liquid elements.





	
Number of Dropped Moles

	
Heat Effect

	
Drop Enthalpy

	
Mole Friction

	
Integral Molar Mixing Enthalpy

	
Partial Molar Enthalpy

	
Standard

Uncertainties




	
[mol]

	
[kJ]

	
[kJ·mol−1]

	

	
[kJ·mol−1]

	
[kJ·mol−1]

	
[kJ·mol−1]






	
(Cu0.75Mg0.25)1−xTix—series B

Starting parameters: nCu = 0.02115 mol; K = 7.311·10−6 kJ·(μVs)−1; TD = 298 K; TM = 1270 K;      Δ H     Cu ( solid )     T D  →  T M      = 26.8462 kJ·mol−1;      Δ H     Cu ( liquid )     T D  →  T M      = 39.8462 kJ·mol−1;      Δ H    Mg    T D  →  T M      = 38.1360 kJ·mol−1;      Δ H    Ti    T D  →  T M      = 42.0710 kJ·mol−1.

Standard uncertainties of starting parameters: u(nCu) = 0.0000016 mol; u(nMg) = 0.0000041 mol; u(nTi) = 0.0000021 mol; u(TD) = 1 K; u(TM) = 1 K; u(K) = 3.14·10−7 kJ·(μVs)−1.




	
    n  Mg     

	
      Δ H    Signal    · K    

	
    H   DISS-Mg      

	
    x  Mg     

	
    Δ  mix   H   

	
      Δ    H ¯     Mg     

	
      u ( Δ    mix    H )    




	
0.00705

	
0.33934

	
−0.2075

	
0.2500

	
−7.360

	
−29.4

	
0.517




	
    n  Ti     

	
      Δ H    Signal    · K    

	
    H   DISS-Ti      

	
    x  Ti     

	
    Δ  mix   H   

	
      Δ    H ¯     Ti     

	
      u ( Δ    mix    H )    




	
0.00129

	
0.05806

	
0.0037

	
0.0438

	
−6.911

	
0.8

	
0.602




	
0.00158

	
0.06791

	
0.0013

	
0.0925

	
−6.517

	
−3.9

	
0.696




	
0.00171

	
0.06511

	
−0.0067

	
0.1398

	
−6.382

	
−8.9

	
0.781




	
0.00148

	
0.04904

	
−0.0131

	
0.1769

	
−6.489

	
−12.3

	
0.842




	
0.00168

	
0.04998

	
−0.0207

	
0.2154

	
−6.762

	
−14.3

	
0.902




	
0.00120

	
0.03333

	
−0.0171

	
0.2407

	
−7.005

	
−32.2

	
0.941











 





Table A3. The integral molar mixing enthalpy of Cu-Mg-Ti alloys—Series C. Calibration material: copper. Standard states: pure liquid elements.






Table A3. The integral molar mixing enthalpy of Cu-Mg-Ti alloys—Series C. Calibration material: copper. Standard states: pure liquid elements.





	
Number of Dropped Moles

	
Heat Effect

	
Drop Enthalpy

	
Mole Friction

	
Integral Molar Mixing Enthalpy

	
Partial Molar Enthalpy

	
Standard

Uncertainties




	
[mol]

	
[kJ]

	
[kJ·mol−1]

	

	
[kJ·mol−1]

	
[kJ·mol−1]

	
[kJ·mol−1]






	
(Cu0.60Mg0.40)xTi1−x—series C

Starting parameters: nCu = 0.02151 mol; K = 7.539·10−6 kJ·(μVs)−1; TD = 298 K; TM = 1274 K;      Δ H     Cu ( solid )     T D  →  T M      = 26.8126 kJ·mol−1;      Δ H     Cu ( liquid )     T D  →  T M      = 39.9685 kJ·mol−1;      Δ H    Mg    T D  →  T M      = 38.2733 kJ·mol−1;      Δ H    Ti    T D  →  T M      = 42.2133 kJ·mol−1.

Standard uncertainties of starting parameters: u(nCu) = 0.0000016 mol; u(nMg) = 0.0000041 mol; u(nTi) = 0.0000021 mol; u(TD) = 1 K; u(TM) = 1 K; u(K) = 1.744·10−7 kJ·(μVs)−1.




	
    n  Mg     

	
      Δ H    Signal    · K    

	
    H   DISS-Mg      

	
    x  Mg     

	
    Δ  mix   H   

	
      Δ    H ¯     Mg     

	
      u ( Δ    mix    H )    




	
0.00471

	
0.31340

	
−0.150

	
0.1796

	
−5.711

	
−31.8

	
0.302




	
0.00469

	
0.10032

	
−0.079

	
0.3042

	
−7.411

	
−16.9

	
0.384




	
0.00493

	
0.12701

	
−0.062

	
0.4000

	
−8.115

	
−12.5

	
0.473




	
    n  Ti     

	
      Δ H    Signal    · K    

	
    H   DISS-Ti      

	
    x  Ti     

	
    Δ  mix   H   

	
      Δ    H ¯     Ti     

	
      u ( Δ    mix    H )    




	
0.00134

	
0.074489

	
0.0180

	
0.0360

	
−7.337

	
13.5

	
0.524




	
0.00139

	
0.068337

	
0.0096

	
0.0708

	
−6.823

	
6.9

	
0.568




	
0.00116

	
0.035435

	
−0.0137

	
0.0980

	
−6.968

	
−11.8

	
0.591




	
0.00170

	
0.060918

	
−0.0109

	
0.1350

	
−6.944

	
−6.4

	
0.628




	
0.00188

	
0.055150

	
−0.0242

	
0.1725

	
−7.202

	
−12.9

	
0.660




	
0.00171

	
0.058731

	
−0.0134

	
0.2040

	
−7.226

	
−7.8

	
0.693




	
0.00195

	
0.073410

	
−0.0090

	
0.2370

	
−7.117

	
−4.6

	
0.732




	
0.00131

	
0.048862

	
−0.0063

	
0.2577

	
−7.055

	
−4.9

	
0.758




	
0.00161

	
0.059221

	
−0.0087

	
0.2816

	
−7.002

	
−5.4

	
0.788




	
0.00208

	
0.076547

	
−0.0113

	
0.3104

	
−6.939

	
−5.4

	
0.825











 





Table A4. The integral molar mixing enthalpy of Cu-Mg-Ti alloys—Series D. Calibration material: copper. Standard states: pure liquid elements.






Table A4. The integral molar mixing enthalpy of Cu-Mg-Ti alloys—Series D. Calibration material: copper. Standard states: pure liquid elements.





	
Number of Dropped Moles

	
Heat Effect

	
Drop Enthalpy

	
Mole Friction

	
Integral Molar Mixing Enthalpy

	
Partial Molar Enthalpy

	
Standard

Uncertainties




	
[mol]

	
[kJ]

	
[kJ·mol−1]

	

	
[kJ·mol−1]

	
[kJ·mol−1]

	
[kJ·mol−1]






	
(Cu0.50Mg0.50)xTi1−x—series D

Starting parameters: nCu = 0.02130 mol; K = 8.239·10−6 kJ·(μVs)−1; TD = 298 K; TM = 1172 K;      Δ H     Cu ( solid )     T D  →  T M      = 23.8158 kJ·mol−1;      Δ H     Cu ( liquid )     T D  →  T M      = 36.8871 kJ·mol−1;      Δ H    Mg    T D  →  T M      = 34.7828 kJ·mol−1;      Δ H    Ti    T D  →  T M      = 38.6401 kJ·mol−1.

Standard uncertainties of starting parameters: u(nCu) = 0.0000016 mol; u(nMg) = 0.0000041 mol; u(nTi) = 0.0000021 mol; u(TD) = 1 K; u(TM) = 1 K; u(K) = 2.381·10−7 kJ·(μVs)−1.




	
    n  Mg     

	
      Δ H    Signal    · K    

	
    H   DISS-Mg      

	
    x  Mg     

	
    Δ  mix   H   

	
      Δ    H ¯     Mg     

	
      u ( Δ    mix    H )    




	
0.00808

	
0.321345

	
−0.2380

	
0.2749

	
−8.100

	
−29.5

	
0.316




	
0.00727

	
0.188108

	
−0.0646

	
0.4187

	
−8.256

	
−8.9

	
0.464




	
0.00598

	
0.188783

	
−0.0191

	
0.5002

	
−7.546

	
−3.2

	
0.592




	
    n  Ti     

	
      Δ H    Signal    · K    

	
    H   DISS-Ti      

	
    x  Ti     

	
    Δ  mix   H   

	
      Δ    H ¯     Ti     

	
      u ( Δ    mix    H )    




	
0.00125

	
0.029050

	
−0.0194

	
0.0286

	
−7.772

	
−15.5

	
0.612




	
0.00133

	
0.050026

	
−0.0014

	
0.0572

	
−7.574

	
−1.0

	
0.644




	
0.00201

	
0.064485

	
−0.0133

	
0.0973

	
−7.532

	
−6.6

	
0.683




	
0.00196

	
0.062153

	
−0.0135

	
0.1333

	
−7.506

	
−6.9

	
0.720




	
0.00195

	
0.061758

	
−0.0136

	
0.1663

	
−7.485

	
−7.0

	
0.755




	
0.00230

	
0.076802

	
−0.0119

	
0.2021

	
−7.387

	
−5.2

	
0.796




	
0.00209

	
0.070194

	
−0.0107

	
0.2322

	
−7.301

	
−5.1

	
0.833




	
0.00233

	
0.065202

	
−0.0247

	
0.2631

	
−7.435

	
−10.6

	
0.865




	
0.00189

	
0.064567

	
−0.0083

	
0.2864

	
−7.339

	
−4.4

	
0.896




	
0.00231

	
0.074273

	
−0.0151

	
0.3130

	
−7.309

	
−6.5

	
0.931











 





Table A5. The integral molar mixing enthalpy of Cu-Mg-Ti alloys—Series E. Calibration material: copper. Reference state: pure liquid elements.






Table A5. The integral molar mixing enthalpy of Cu-Mg-Ti alloys—Series E. Calibration material: copper. Reference state: pure liquid elements.





	
Number of Dropped Moles

	
Heat Effect

	
Drop Enthalpy

	
Mole Friction

	
Integral Molar Mixing Enthalpy

	
Partial Molar Enthalpy

	
Standard

Uncertainties




	
[mol]

	
[kJ]

	
[kJ·mol−1]

	

	
[kJ·mol−1]

	
[kJ·mol−1]

	
[kJ·mol−1]






	
(Cu0.95Ti0.05 )xMg1−x—series E

Starting parameters: nCu = 0.02402 mol; K = 8.08·10−6 kJ·(μVs)−1; TD = 298 K; TM = 1400 K;      Δ H    Cu    T D  →  T M      = 43.8891 kJ·mol−1;

     Δ H    Mg    T D  →  T M      = 42.5962 kJ·mol−1;      Δ H    Ti    T D  →  T M      = 46.7760 kJ·mol−1.

Standard uncertainties of starting parameters: u(nCu) = 0.0000016 mol; u(nMg) = 0.0000041 mol; u(nTi) = 0.0000021 mol; u(TD) = 1 K; u(TM) = 1 K; u(K) = 2.13·10−7 kJ·(μVs)−1.




	
    n  Ti     

	
      Δ H    Signal    · K    

	
    H   DISS-Ti      

	
    x  Ti     

	
    Δ  mix   H   

	
      Δ    H ¯     Ti     

	
      u ( Δ    mix    H )    




	
0.00126

	
0.045992

	
−0.013

	
0.0500

	
−0.520

	
−10.4

	
0.048




	
    n  Mg     

	
      Δ H    Signal    · K    

	
    H   DISS-Mg      

	
    x  Mg     

	
    Δ  mix   H   

	
      Δ    H ¯     Mg     

	
      u ( Δ    mix    H )    




	
0.00157

	
0.027495

	
−0.0395

	
0.0560

	
−1.958

	
−25.1

	
0.075




	
0.00141

	
0.032012

	
−0.0279

	
0.1054

	
−2.849

	
−19.8

	
0.105











 





Table A6. The integral molar mixing enthalpy of Cu-Mg-Ti alloys—Series F. Calibration material: titanium. Crucible material: ZrO2 + Y2O3. Standard states: pure elements.






Table A6. The integral molar mixing enthalpy of Cu-Mg-Ti alloys—Series F. Calibration material: titanium. Crucible material: ZrO2 + Y2O3. Standard states: pure elements.





	
Number of Dropped Moles

	
Heat Effect

	
Drop Enthalpy

	
Mole Friction

	
Integral Molar Mixing Enthalpy

	
Partial Molar Enthalpy

	
Standard

Uncertainties




	
[mol]

	
[kJ]

	
[kJ·mol−1]

	

	
[kJ·mol−1]

	
[kJ·mol−1]

	
[kJ·mol−1]






	
(Cu0.82Ti0.18)xMg1−x—series F

Starting parameters: nTi = 0.022504 mol; nCu = 0.10420 mol;    Δ  mix    H   Cu 0   . 82 Ti 0   . 18      = −2.378 kJ·mol−1 [15];

K = 7.28·10−6 kJ·(μVs)−1; TD = 302 K; TM = 1400 K;

     Δ H    Cu    T D  →  T M      = 43.7912 kJ·mol−1;      Δ H    Mg    T D  →  T M      = 42.5962 kJ·mol−1;      Δ H     Ti ( solid )     T D  →  T M      = 30.4659 kJ·mol−1;      Δ H     Ti ( liquid )     T D  →  T M      = 46.6752 kJ·mol−1.

Standard uncertainties of starting parameters: u(nCu) = 0.0000016 mol; u(nMg) = 0.0000041 mol; u(nTi) = 0.0000021 mol; u(TD) = 1 K; u(TM) = 1 K; u(K) = 1.68·10−7 kJ·(μVs)−1.




	
    n  Mg     

	
      Δ H    Signal    · K    

	
    H   DISS-Mg      

	
    x  Mg     

	
    Δ  mix   H   

	
      Δ    H ¯     Mg     

	
      u ( Δ    mix    H )    




	
0.00799

	
0.206374

	
−0.1338

	
0.0593

	
−3.230

	
−16.4

	
1.529




	
0.00675

	
0.249292

	
−0.0381

	
0.1042

	
−3.346

	
−5.7

	
1.570










Appendix B


Appendix B presents a tabular summary of the calculated integral and partial mixing enthalpies for the Cu–Mg–Ti liquid solutions for experimental cross-sections A–F (Table A7, Table A8, Table A9, Table A10, Table A11 and Table A12).





 





Table A7. Calculated partial and integral function of the Cu-Mg-Ti alloys—Series A.






Table A7. Calculated partial and integral function of the Cu-Mg-Ti alloys—Series A.





	
     x  Cu      

	
     x  Mg      

	
     x  Ti      

	
       Δ    H ¯     Cu        

	
       Δ    H ¯     Mg      

	
       Δ    H ¯     Ti        

	
     Δ  mix   H    




	

	

	

	
[kJ·mol−1]






	
Series A (Cu0.90Mg0.10)1−xTix alloys at T = 1402 K




	
0.900

	
0.100

	
0.000

	
−0.715

	
−33.602

	
−9.892

	
−4.004




	
0.855

	
0.095

	
0.050

	
−0.854

	
−32.582

	
−8.972

	
−4.274




	
0.810

	
0.090

	
0.100

	
−1.142

	
−30.608

	
−8.200

	
−4.500




	
0.720

	
0.080

	
0.200

	
−2.110

	
−24.057

	
−6.965

	
−4.837




	
0.630

	
0.070

	
0.300

	
−3.543

	
−14.503

	
−5.963

	
−5.036




	
0.540

	
0.060

	
0.400

	
−5.430

	
−2.559

	
−5.032

	
−5.098




	
0.450

	
0.050

	
0.500

	
−7.823

	
11.096

	
−4.076

	
−5.003




	
0.360

	
0.040

	
0.600

	
−10.836

	
25.722

	
−3.064

	
−4.710




	
0.270

	
0.030

	
0.700

	
−14.644

	
40.519

	
−2.025

	
−4.156




	
0.180

	
0.020

	
0.800

	
−19.485

	
54.625

	
−1.055

	
−3.259




	
0.090

	
0.010

	
0.900

	
−25.655

	
67.119

	
−0.307

	
−1.914




	
0.000

	
0.000

	
1.000

	
−33.511

	
77.020

	
0.000

	
0.000











 





Table A8. Calculated partial and integral function of the Cu-Mg-Ti alloys—Series B.






Table A8. Calculated partial and integral function of the Cu-Mg-Ti alloys—Series B.





	
     x  Cu      

	
     x  Mg      

	
     x  Ti      

	
       Δ    H ¯     Cu        

	
       Δ    H ¯     Mg        

	
       Δ    H ¯     Ti        

	
     Δ  mix   H    




	

	

	

	
[kJ·mol−1]






	
Series B (Cu0.75Mg0.25)1−xTix alloys at T = 1270 K




	
0.750

	
0.250

	
0.000

	
−3.867

	
−18.406

	
−12.331

	
−7.502




	
0.713

	
0.238

	
0.050

	
−3.714

	
−19.329

	
−7.636

	
−7.619




	
0.675

	
0.225

	
0.100

	
−4.071

	
−19.407

	
−4.044

	
−7.519




	
0.600

	
0.200

	
0.200

	
−5.897

	
−16.998

	
0.473

	
−6.843




	
0.525

	
0.175

	
0.300

	
−8.629

	
−11.239

	
2.383

	
−5.782




	
0.450

	
0.150

	
0.400

	
−11.747

	
−2.386

	
2.658

	
−4.581




	
0.375

	
0.125

	
0.500

	
−14.920

	
9.112

	
2.075

	
−3.419




	
0.300

	
0.100

	
0.600

	
−18.011

	
22.612

	
1.218

	
−2.411




	
0.225

	
0.075

	
0.700

	
−21.075

	
37.277

	
0.479

	
−1.611




	
0.150

	
0.050

	
0.800

	
−24.356

	
52.080

	
0058

	
−1.003




	
0.075

	
0.025

	
0.900

	
−28.293

	
65.799

	
−0.040

	
−0.513




	
0.000

	
0.000

	
1.000

	
−33.511

	
77.020

	
0.000

	
0.000











 





Table A9. Calculated partial and integral function of the Cu-Mg-Ti alloys—Series C.






Table A9. Calculated partial and integral function of the Cu-Mg-Ti alloys—Series C.





	
     x  Cu      

	
     x  Mg      

	
     x  Ti      

	
       Δ    H ¯     Cu        

	
       Δ    H ¯     Mg        

	
       Δ    H ¯     Ti        

	
     Δ  mix   H    




	

	

	

	
[kJ·mol−1]






	
Series C (Cu0.60Mg0.40)xTi1−x alloys at T = 1274 K




	
0.600

	
0.400

	
0.000

	
−8.161

	
−9.295

	
−17.963

	
−8.615




	
0.570

	
0.380

	
0.050

	
−8.024

	
−10.054

	
−9.048

	
−8.846




	
0.540

	
0.360

	
0.100

	
−8.685

	
−10.421

	
−2.244

	
−8.666




	
0.480

	
0.320

	
0.200

	
−11.646

	
−9.557

	
6.203

	
−7.408




	
0.420

	
0.280

	
0.300

	
−15.725

	
−6.063

	
9.517

	
−5.447




	
0.360

	
0.240

	
0.400

	
−19.930

	
0.374

	
9.512

	
−3.280




	
0.300

	
0.200

	
0.500

	
−23.595

	
9.740

	
7.673

	
−1.294




	
0.240

	
0.160

	
0.600

	
−26.385

	
21.691

	
5.157

	
0.232




	
0.180

	
0.120

	
0.700

	
−28.290

	
35.557

	
2.794

	
1.130




	
0.120

	
0.080

	
0.800

	
−29.628

	
50.339

	
1.085

	
1.340




	
0.060

	
0.040

	
0.900

	
−31.044

	
64.712

	
0.205

	
0.910




	
0.000

	
0.000

	
1.000

	
−33.511

	
77.020

	
0.000

	
0.000











 





Table A10. Calculated partial and integral function of the Cu-Mg-Ti alloys—Series D.






Table A10. Calculated partial and integral function of the Cu-Mg-Ti alloys—Series D.





	
     x  Cu      

	
     x  Mg      

	
     x  Ti      

	
       Δ    H ¯     Cu        

	
       Δ    H ¯     Mg        

	
       Δ    H ¯     Ti        

	
     Δ  mix   H    




	

	

	

	
[kJ·mol−1]






	
Series D (Cu0.50Mg0.50)xTi1−x alloys at T = 1172 K




	
0.500

	
0.500

	
0.000

	
−11.000

	
−5.792

	
−19.539

	
−8.396




	
0.475

	
0.475

	
0.050

	
−11.562

	
−5.774

	
−8.540

	
−8.662




	
0.450

	
0.450

	
0.100

	
−12.942

	
−5.731

	
−0.173

	
−8.420




	
0.400

	
0.400

	
0.200

	
−17.252

	
−4.902

	
10.111

	
−6.839




	
0.350

	
0.350

	
0.300

	
−22.372

	
−2.210

	
13.963

	
−4.415




	
0.300

	
0.300

	
0.400

	
−27.141

	
3.038

	
13.638

	
−1.776




	
0.250

	
0.250

	
0.500

	
−30.798

	
11.139

	
10.989

	
0.580




	
0.200

	
0.200

	
0.600

	
−32.976

	
21.994

	
7.474

	
2.288




	
0.150

	
0.150

	
0.700

	
−33.708

	
35.103

	
4.155

	
3.118




	
0.100

	
0.100

	
0.800

	
−33.423

	
49.573

	
1.692

	
2.968




	
0.050

	
0.050

	
0.900

	
−32.949

	
64.108

	
0.351

	
1.874




	
0.000

	
0.000

	
1.000

	
−33.511

	
77.020

	
0.000

	
0.000











 





Table A11. Calculated partial and integral function of the Cu-Mg-Ti alloys—Series E.






Table A11. Calculated partial and integral function of the Cu-Mg-Ti alloys—Series E.





	
     x  Cu      

	
     x  Mg      

	
     x  Ti      

	
       Δ    H ¯     Cu        

	
       Δ    H ¯     Mg        

	
       Δ    H ¯     Ti        

	
     Δ  mix   H    




	

	

	

	
[kJ·mol−1]






	
Series E (Cu0.95Ti0.05)xMg1−x alloys at T = 1400 K




	
0.950

	
0.000

	
0.050

	
0.010

	
−43.562

	
−14.233

	
−0.702




	
0.903

	
0.050

	
0.048

	
−0.322

	
−37.737

	
−10.914

	
−2.696




	
0.855

	
0.100

	
0.045

	
−0.896

	
−32.240

	
−8.922

	
−4.391




	
0.760

	
0.200

	
0.040

	
−2.730

	
−22.547

	
−8.111

	
−6.909




	
0.665

	
0.300

	
0.035

	
−5.311

	
−14.862

	
−9.986

	
−8.340




	
0.570

	
0.400

	
0.030

	
−8.359

	
−9.211

	
−12.509

	
−8.824




	
0.475

	
0.500

	
0.025

	
−11.586

	
−5.371

	
−13.512

	
−8.527




	
0.380

	
0.600

	
0.020

	
−14.800

	
−2.961

	
−10.794

	
−7.616




	
0.285

	
0.700

	
0.015

	
−17.998

	
−1.542

	
−2.219

	
−6.242




	
0.190

	
0.800

	
0.010

	
−21.463

	
−0.714

	
14.189

	
−4.507




	
0.095

	
0.900

	
0.005

	
−25.861

	
−0.212

	
40.147

	
−2.446




	
0.000

	
1.000

	
0.000

	
−32.338

	
0.000

	
77.020

	
0.000











 





Table A12. Calculated partial and integral function of the Cu-Mg-Ti alloys—Series F.






Table A12. Calculated partial and integral function of the Cu-Mg-Ti alloys—Series F.





	
     x  Cu      

	
     x  Mg      

	
     x  Ti      

	
       Δ    H ¯     Cu        

	
       Δ    H ¯     Mg        

	
       Δ    H ¯     Ti        

	
     Δ  mix   H    




	

	

	

	
[kJ·mol−1]






	
Series F (Cu0.82Ti0.18)xMg1−x alloys at T = 1400 K




	
0.822

	
0.000

	
0.178

	
−0.034

	
−30.556

	
−14.069

	
−2.527




	
0.781

	
0.050

	
0.169

	
−1.032

	
−28.577

	
−9.754

	
−3.881




	
0.740

	
0.100

	
0.160

	
−2.017

	
−25.984

	
−6.397

	
−5.114




	
0.658

	
0.200

	
0.142

	
−4.251

	
−19.839

	
−2.253

	
−7.085




	
0.576

	
0.300

	
0.124

	
−7.132

	
−13.550

	
−0.752

	
−8.264




	
0.493

	
0.400

	
0.107

	
−10.751

	
−8.059

	
−0.605

	
−8.594




	
0.411

	
0.500

	
0.089

	
−14.969

	
−3.886

	
−0.196

	
−8.115




	
0.329

	
0.600

	
0.071

	
−19.477

	
−1.194

	
2.357

	
−6.956




	
0.247

	
0.700

	
0.053

	
−23.873

	
0.136

	
9.131

	
−5.308




	
0.164

	
0.800

	
0.036

	
−27.725

	
0.442

	
22.328

	
−3.414




	
0.082

	
0.900

	
0.018

	
−30.641

	
0.208

	
44.207

	
−1.548




	
0.000

	
1.000

	
0.000

	
−32.338

	
0.000

	
77.020

	
0.000
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Figure 1. Compositions of the investigated Cu-Mg-Ti alloys together with the intersection points. 






Figure 1. Compositions of the investigated Cu-Mg-Ti alloys together with the intersection points.



[image: Applsci 16 00262 g001]







[image: Applsci 16 00262 g002] 





Figure 2. Thermal effects detected during the measurement series B at a temperature of 1270 K; the effects have been assigned to each stage of the high-temperature drop calorimetry measurements. 
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Figure 3. Schematic representation of the geometric models: (a) Muggianu model [26], (b) Toop model [27]. 
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Figure 4. The experimental and calculated integral mixing enthalpy of starting binary alloys [10] and (Cu0.90Mg0.10)1−xTix alloys together with the standard uncertainties, and the binary systems mixing enthalpy calculated based on the thermodynamic parameters from [15,21]. Due to the low value of the calculated standard uncertainties associated with the low mass of the dropped Ti samples, the measurement error of the integral molar mixing enthalpy for series A are not shown in Figure 4. Calculated measurement uncertainty values are presented in Table A1, together with experimental results. 
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Figure 5. The experimental and calculated integral mixing enthalpy of starting binary alloy [10] (Cu0.75Mg0.25)1−xTix alloys together with the standard uncertainties, and the binary systems mixing enthalpy calculated based on the thermodynamic parameters from [15,21]. 
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Figure 6. The experimental and calculated integral mixing enthalpy of starting binary alloy [10] and (Cu0.60Mg0.40)1−xTix alloys together with the standard uncertainties, and binary systems mixing enthalpy calculated based on the thermodynamic parameters from [15,21]. 
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Figure 7. The experimental and calculated integral mixing enthalpy of starting binary alloy [10] and (Cu0.50Mg0.50)xTi1−x alloys together with the standard uncertainties, and the binary systems mixing enthalpy calculated based on the thermodynamic parameters from [15,21]. 
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Figure 8. The experimental and calculated integral mixing enthalpy of starting binary alloy [15] and (Cu0.95Ti0.05)xMg1−x alloys, together with the standard uncertainties, and the binary systems mixing enthalpy calculated based on the thermodynamic parameters from [10,21]. 
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Figure 9. The experimental and calculated integral mixing enthalpy of starting binary alloy [15] (Cu0.82Ti0.18)xMg1−x alloys, together with the standard uncertainties, and the binary systems mixing enthalpy calculated based on the thermodynamic parameters from [10,21]. 
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Table 1. Summarized information of the compositions of the measurement series.
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	Series
	Starting Binary Alloy
	Third Element

Composition Range
	Measurement Temperature





	A
	Cu0.90Mg0.10
	xTi = 0.0176 − 0.1870
	1402 K



	B
	Cu0.75Mg0.25
	xTi = 0.0438 − 0.2407
	1270 K



	C
	Cu0.60Mg0.40
	xTi = 0.0360 − 0.3104
	1274 K



	D
	Cu0.50Mg0.50
	xTi = 0.0286 − 0.3130
	1172 K



	E
	Cu0.95Ti0.05
	xMg = 0.0585 − 0.1054
	1400 K



	F
	Cu0.82Ti0.18
	xMg = 0.0593 − 0.1042
	1400 K










 





Table 2. Specification of used materials.






Table 2. Specification of used materials.





	Chemical Name
	Source
	Purity 1 mass%





	Magnesium
	Goodfellow Cambridge Ltd., Huntingdon, UK
	99.9



	Titanium
	Alfa Aesar, Thermo Scientific Kandel GmbH, Kandel,

Germany
	99.99



	Copper
	Alfa Aesar, Thermo Scientific Kandel GmbH, Kandel,

Germany
	99.99



	Argon
	Pioniergas, Kraków, Poland
	99.9999







1 Certified purity.













 





Table 3. Reactions of each stage of the experimental measurements for series A–F.
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Stage of the Experiment

	
Series

	
Reaction






	
Calibration

	
A–E

	
xCu(s,TD) → xCu (l,TM)




	
F

	
zTi(s,TD) → zTi(s,TM)




	
Measurement of the mixing

enthalpy of binary alloys

	
A–D

	
yMg(s,TD) + xCu(l,TM) → CuxMgy(l,TM)




	
E

	
zTi(s,TD) + xCu(l,TM) → CuxTiz(l,TM)




	
F

	
xCu(s,TD) + zTi(s,TM) → CuxTiz(l,TM)




	
Measurement of the mixing

enthalpy of ternary alloys

	
A–D

	
zTi(s,TD) + CuxMgy(l,TM) →     Cu  x    Mg  y    Ti      z   ( l , T   M  )  i   




	
E–F

	
yMg(s,TD) + CuxTiz(l,TM) →     Cu  x    Mg  y    Ti      z   ( l , T   M  )  i   











 





Table 4. Integral molar enthalpy of mixing near the points of intersection experimental series. Values are in kJ·mol−1.
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	Point of Intersection
	Series A
	Series E
	Series F





	1
	−3.440
	
	−3.230



	2
	−3.431
	−1.958
	










 





Table 5. Binary and ternary interaction parameters used for the calculation of the integral and partial mixing enthalpy change.






Table 5. Binary and ternary interaction parameters used for the calculation of the integral and partial mixing enthalpy change.





	
System

	
Interaction Parameter [kJ·mol−1]

	
Reference






	
Cu-Mg

	
    L  C u , M g   L i q u i d    0  = − 33.583   

	
[10]




	
    L  C u , M g   L i q u i d    1  = − 10.4155   




	
    L  C u , M g   L i q u i d    2  = − 6.3067   




	
    L  C u , M g   L i q u i d    3  = 28.633   




	
Cu-Ti

	
    L  C u , T i   L i q u i d    0  = − 23.65267   

	
[15]




	
    L  C u , T i   L i q u i d    1  = 9.8557   




	
Mg-Ti

	
    L  M g ,   T i   L i q u i d    0  = 77.02   

	
[21]




	
Cu-Mg-Ti

	
    L  C u , M g , T i   L i q u i d    1  = − 73.08226   

	
This work




	
    L  C u , M g , T i   L i q u i d    2  = − 383.56265   




	
    L  C u , M g , T i   L i q u i d    3  = − 7.45571   
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