
A Linear Chemical-Physical Theory Model 
for Liquid Metal Solution Thermodynamics 

The simplified chemical-physical theory (SCPT) for compound-forming 
liquid metal solutions is improved by a reduction in the number of model- 
ing parameters using an adaptation of the group contribution approach. 
A group contribution technique is applied to linearize the Gibbs energy 
(and enthalpy) of formation of intermetallic compounds. As a result, the 
activities or Gibbs energies of many binary liquid alloy systems are rep- 
resented successfully with only a single parameter for the chemical 
interactions and another for the physical interactions. Similarly, the 
enthalpies of mixing are modeled well using only the temperature deriv- 
atives of these two parameters. 
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introduction 
Liquid metal solutions exhibit unique properties that make 

them useful both in the improvement of existing processes and in 
the development of new technologies. Applications include use 
as process solvents for the pyrometallurgical reduction of metal 
oxide ores (Anderson, 1970; Anderson and Parlee, 1974, 1976; 
Bakshani, 1977; Graves, 1978; Bakshani et al., 1979; Kriko- 
rian, 1979; Lira, 1984); for separations and purifications (An- 
derson and Parlee, 1971, 1972, 1974; Anderson et al., 1972; 
Deschner, 1979; Anderson, 1981; Eckert et al., 1984); for 
liquid-phase sintering of refractory metals (German, 1985); for 
soldering and welding (Lancaster, 1980); and for production of 
metallic glasses (Chaudhari and Turnbull, 1978; Gilman, 1980; 
Sommer, 1982a, 1983; Savage, 1984) and composite materials 
(Kingery, 1953; Humenik and Kingery, 1954; Humenik and 
Parikh, 1956; Thomas et al., 1963; Kelly, 1964; Kelly and Dav- 
ies, 1965a, b; Manning and Stoops, 1968; Humenik, 1973; Vin- 
son and Chou, 1975, Mohn, 1987). Process development for 
these and other applications requires an ability to model quanti- 
tatively the thermodynamic properties of liquid metal solutions. 

The special properties of liquid metals are the result of strong 
intermetallic forces, and any model must reflect an understand- 
ing of the significant forces present in solution. These forces, 
generally assumed to be spherically symmetric, result fre- 
quently in compound formation in both the solid and liquid 
states (Wilson, 1965; Steeb and Entress, 1966; Steeb and Hezel, 
1966; Bhatia and Thornton, 1970; Faber, 1972; Hultgren et al., 
1973; Bhatia et al., 1974; Bhatia and Hargrove, 1974; Shimoji, 
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1978; Jordan, 1979; Predel, 1979; Chieux and Ruppersburg, 
1980; Stoicos, 1980; Sommer, 1982a; Savage and Froes, 1984). 
Compared with typical organic solutions, many liquid metal sys- 
tems show much greater deviations from ideal solution behavior. 
A review of the solution thermodynamics for liquid metals has 
been presented by Howell and Eckert (1987a). 

The most general solution theory that includes specific provi- 
sion for compound formation is the general chemical-physical 
theory (GCPT) (Alger and Eckert, 1983), but this has really 
never been applied because it entails too many adjustable 
parameters4ertainly far in excess of the number any liquid 
metal solution data justify. The simplified chemical-physical 
theory (SCPT) (Alger and Eckert, 1985, 1986a, b) reduced the 
number of physical-interaction parameters drastically (to one 
for a binary alloy), but retained multiple parameters for the 
equilibrium constants for intermetallic compound formation. In 
this paper we use a group energy concept, similar to linear free- 
energy relationships, to reduce the chemical contribution also to 
a single parameter (at one temperature). This new two-parame- 
ter model is then applicable to a very large class of liquid metal 
solutions. 

Chemical Theory 
Forces in solution are often classified as either physical or 

chemical. Physical forces are modest, nonspecific and nonsatur- 
able interactions between the species in solution. Chemical 
forces are strong, specific and saturable interactions that result 
in the formation of compounds. In the most general case (Alger 
and Eckert, 1983, 1985, 1986a), both physical and chemical 
interactions are modeled explicitly. 

Chemical theory postulates that the compounds are in dy- 
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namic equilibrium with the monomers, i.e., the atomic ele- 
ments. 

u ~ A  + bjB = A, B ,  

The equilibrium constant for compound i, Ki, is the product of a 
composition equilibrium constant, K,, and an activity coeffi- 
cient equilibrium constant, Kal. 

The chemical interactions are contained in K,, and the physical 
interactions in Ka,. This separation is a direct result of the form 
of the activity, which is the product of a true mole fraction, z, 
and a true activity coefficient, a. The physical interaction a's 
may be represented by any physical theory model, for example, 
Raoult's law, regular solution theory, the van Laar equation, or 
the Wilson equation (Prausnitz, 1986). In the GCPT, cyi is 

R T In ai = f [ T, zi ( T, .xi), c( T ) ]  (3) 

where xi is the bulk atom fraction of species A or B and c( T )  is a 
matrix of adjustable, temperature-dependent physical-interac- 
tion parameters. A significant disadvantage of GCPT is that an 
unreasonable number of modeling parameters are required. For 
an n-compound mixture, n equilibrium constants plus the n x n 
matrix of physical-interaction parameters are required. If tem- 
perature dependence is included, n enthalpies of formation and 
the appropriate parameters for the physical-interaction model 
are also required. Use of this model is almost never justified. 

Liquid metal solutions often exhibit evidence of very strong 
compound formation, and ideal chemical theory (ICT) has been 
used to model such systems (Alger and Eckert, 1983, 1985). 
ICT assumes that the physical forces are much smaller than the 
chemical forces and that Raoult's law is applicable to the true 
solution. That is, the activity coefficients may be set equal to 
unity. This assumption reduces the number of adjustable model- 
ing parameters to only the equilibrium constants for the postu- 
lated compounds. If the temperature dependence is modeled, the 
enthalpies of formation for each compound are also required. 
Eckert and coworkers have used ICT to represent quantitatively 
the Gibbs energy, enthalpy, entropy, heat capacity, Darken sta- 
bility function, and surface tension for several liquid metal sys- 
tems (Alger and Eckert, 1983, 1985; Howell and Eckert, 
1987). They have also shown that a chemical theory approach is 
necessary for systems that exhibit evidence of strong compound 
formation (Eckert et al., 1982). Typical solutions to the Gibbs- 
Duhem equation (e.g., the van Laar, Wilson, and NRTL equa- 
tions) cannot model quantitatively the thermodynamics of these 
highly nonideal systems. Application of ICT is limited usually to 
systems in which chemical interactions dominate. In addition, 
the parameters have limited physical significance since they 
always include the effects of some (inseparable) physical inter- 
actions. In fact, these interactions may be fairly strong. 

SCPT has been used to model systems in which chemical and 
physical forces are of comparable strength; it reduces the num- 
ber of adjustable parameters by assuming that the activity coef- 
ficients are functions of only the apparent atomic composition, 
x,, and not the true composition, zi, and facilitated greatly the 
computational aspects of the model. 

R T l n  ai = f [ T, x i ,  t(T)] (4) 

This assumption has also been used by Szaprio (1975), Predel 
(1979), Cox (1979), and Sommer (1982a,b). Specifically, Alger 
and Eckert chose the Scatchard equation (Scatchard, 1931) to 
represent the physical interactions. For an n-compound system, 
n K's and a single physical-interaction parameter were required. 
Alger and Eckert have used SPCT to represent quantitatively 
the thermodynamic properties of systems that exhibit both neg- 
ative and positive deviations from Raoult's law. Models similar 
to SCPT have also been developed by Jordan (the Regular Asso- 
ciated Solution model, 1970, 1976, 1979) and Sommer (the 
Association model, 1982a, b) and have represented successfully 
both the Gibbs energy of mixing and enthalpy of mixing for var- 
ious liquid metal systems. Compared with ICT, SCPT can 
model a larger class of liquid metal systems at  the expense of an 
increase in the number of adjustable modeling parameters. The 
model presented in the next section utilizes a relationship 
between the chemical-interaction parameters to reduce further 
the number of modeling parameters needed. 

Linear Chemical-Physical Theory 
One possible way to reduce the number of chemical-interac- 

tion parameters is to relate the energies of the compounds to the 
number and type of each atomic species comprising the com- 
pound (Lira, 1986). The underlying concept for this assumption 
is Benson's (1968) approach for organic molecules in deter- 
mining the standard enthalpy of formation of a molecule in the 
gas phase by adding the standard enthalpies of formation for the 
various groups comprising the molecule. The most familiar 
models using the group contribution approach are the UNIFAC 
and ASOG models for thermodynamic properties of organic 
mixtures (Derr and Deal, 1969; Fredenslund et  al., 1975, 
1977a, b; Kojima and Tochigi, 1979; Skjold-Jorgensen et al., 
1979; Abrams and Prausnitz, 1975). 

The group energy idea is also related to the concepts of linear 
free-energy relationships (Wells, 1968; Chapman and Shorter, 
1972; Lowry and Richardson, 1987), in that the Gibbs energy is 
determined by a linear function of constituent energies. 

Extension of the group contribution concept to liquid metal 
clusters is limited by insufficient understanding of the bonding 
in clusters and a small database of thermodynamic properties 
for compound forming systems. The simple group contribution 
approach developed here does not account for differences in 
energy contributions from different types of atoms; each atom 
contributes an equal amount to the total energy of the com- 
pound. Certainly, there are great differences between the details 
of this assumption and those of Benson, but the concept that the 
energy of a compound can be determined by the energies of its 
constituents is the same. 

Evidence supporting the assumption that a relationship exists 
between the Gibbs energy of formation and the number of atoms 
comprising a compound is shown in Figure 1 for the Mg-Sb and 
Mg-Pb systems (Alger and Eckert, 1983). The chemical-inter- 
action parameters are approximately additive. These parame- 
ters are  fit without consideration of the physical interactions; 
therefore, the chemical-interaction parameters must compen- 
sate for this approximation. Physical interactions are most 
important near infinite dilution where little compound forma- 
tion occurs. When physical interactions are neglected, the ICT 
1-1 compound parameter is affected most greatly since it is criti- 
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Figure 1. Comparison of ICT Gibbs energy parameters 
and compound size for Mg-Pb system (923 K) 
and Mg-Sb system (1,073 K). 

cal in modeling the thermodynamic behavior near infinite dilu- 
tion (Alger, 1982). Note that in both systems the ICT parame- 
ter for the 1-1 compound lies slightly below the line. Similar 
results are obtained for the other liquid metal systems modeled 
by Alger and Eckert. Model development utilizing linear Gibbs 
energy trends will be discussed below. 

A comparable relationship also exists for the temperature 
derivative of the Gibbs energy of formation: the enthalpies of 
formation. Figure 2 shows the behavior of the enthalpies of for- 
mation for the Mg-Sb and Mg-Pb systems (Alger and Eckert, 
1983). Approximate additive behavior is again indicated. In this 
case, the heat of formation parameters for the 1-1 compounds 
are less than what would be expected from exact group contribu- 
tion behavior. This effect is expected based on the values for the 
Gibbs energies. The Gibbs energy parameters for the 1-1 com- 
pounds are large because physical interactions are neglected. 
ICT predicts more 1-1 compound formation than a SCPT 
approach. Therefore, when ICT is used to model the enthalpy of 
mixing, the resulting heat of formation for 1-1 compound is less 
than the SCPT result because the contribution of any compound 
to the enthalpy of mixing is proportional to the amount of com- 
pound present. Similar enthalpy results are obtained for the 
other liquid metal systems modeled by Alger and Eckert. 
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Figure 2. Comparison of ICT enthalpy parameters and 
compound size for Mg-Pb system (923 K) and 
Mg-Sb system (1,073 K). 
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Model Development 
We propose the linear chemical-physical theory (LCPT) 

model in which the chemical-interaction parameters are related 
by a group contribution approach. The expression relating the 
Gibbs energies to the number of atoms comprising the com- 
pound, ni, is given by 

where Cg is the single, adjustable chemical-interaction parame- 
ter. The physical interactions are modeled with the SCPT ver- 
sion (Alger and Eckert, 1986a,b) of the Scatchard equation 

g:hys = A@AB (XAV" + XBUB) (6) 

where 

9 = volume fraction based on the bulk atomic composition 
u = molar volume 
A - single temperature-dependent model parameter 

Thus, there are only two adjustable parameters for each binary, 
Gg and A, regardless of the number of compounds formed in the 
liquid alloy. As with the other chemical theory models, these two 
parameters are determined by fitting experimental activity coef- 
ficient data. 

The temperature dependence of the Gibbs energy can also be 
modeled by a group contribution approach by an extension of 
the work of Alger and Eckert (1986a). To summarize, the tem- 
perature dependence of the equilibrium constants is given by the 
Gibbs-Helmholtz equation 

(7) 

The chemical-interaction contribution to the enthalpy of forma- 
tion is modeled by a group contribution approach 

where Hg is the single adjustable chemical-interaction parame- 
ter, and 

hfhys = B+A*B (XN" + xBuB) (9) 

where B is a temperature-dependent model parameter. There- 
fore, two additional adjustable parameters, Hg and 8, regardless 
of the number of compounds, are used to model the temperature 
dependence of the equilibrium constants. These two parameters 
are determined by fitting either experimental partial molar 
enthalpy data or integral molar enthalpy of mixing data. 

Gibbs Energy Representation 
The LCPT model was used to determine the Gibbs energy for 

19 liquid metal systems. The compounds in solution are speci- 
fied a priori and are determined from a list of candidate com- 
pounds compiled from an investigation of the phase diagrams of 
the system and all chemically similar systems (Cox, 1979; Eck- 
ert et al., 1982) and the liquid-phase physical properties (Cox, 
19 79; Jordan, 1979; Sommer, 19 82a). Final compound selection 
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Table 1. Gibbs Energy of Formation: Parameters Fit with LCPT Model 

A** Data 
Source 

G t  
System Compound T ( K )  (kJ/mol) (kJ/m’) 

Three-Compound Systems 
Mg-Sb MgSb 

MgzSb 
Mg3Sb2 

Li-Pb LiPb 
Li,Pb 
Li,Pb 

A1-Cu AlCu 
AICu, 
AI,Cu3 

Ca-Zn CaZn 
Ca3Zn 
CaZn, 

Two-Compound Systems 
Li-Sn LisSn2 

Li,Sn, 
Mg-Bi MgBi 

Mg3Bi2 
Mg-Pb MgPb 

Mg2Pb 
Mg-Sn MgSn 

Mg*Sn 
Cu-Sb CuSb 

Cu3Sb 
Cu-Sn CuSn 

Cu,Sn 
Zn-Sb ZnSb 

Zn4Sb3 
Cd-Sb CdSb 

Cd3Sb 
Cu-In Cu,In 

Cu41n 
Zn-Mg ZnMg 

Zn2Mg 
One-Compound Systems 
AI-Ni AlNi 
A1-Au AIAu, 
Au-Sn Au,Sn 
Cd-Bi Cd4Bi, 
In-Sb In3Sb 

1123 

932 

1373 

1073 

800 

1123 

923 

1073 

1190 

1073 

823 

773 

1073 

923 

1873 
1338 
823 
773 
900 

-43.345 

-25.522 

- 12.677 

-9.954 

- 34.844 

-22.627 

-15.016 

- 14.673 

- 13.803 

- 11.951 

-7.757 

-6.293 

- 5.493 

-0.728 

-63.299 
- 18.330 
- 3.498 
- 2.000 
-0.731 

- 1,453 

- 1,689 

- 2,208 

- 2,040 

-459 

- 1,306 

-347 

- 1,501 

71 

606 

227 

983 

79 

-623 

- 1,994 
-6,944 
-4,125 

- 10 
-841 

Eckert et al. (1983) 

Sabougi et al. (1978) 

Wilder (1965) 
Batalin et al. (1972) 
Perakis et al. (1973) 
Hultgren et al. (1973) 

Moser et al. (1986) 

Eckert et al. (1983) 

Eckert et al. (1983) 

Eckert et al. (1983) 

Krestovnikov and Lomov (1963) 

Sengupta et al. (1978) 

Rubin et al. (1974) 

Gefllcen et al. (1967) 

Hultgren et al. (1973) 

Hultgren et al. (1973) 

Desai (1987) 
Hultgren et al. (1973) 
Hultgren et a]. (1973) 
Komarek and Stummerer (1973) 
Hultgren et al. (1973) 

‘Chemical-interaction parameter: g{ohcm - (n, - I)C, 
**Physical-interaction parameter: gFhy3 = AO,d,(x,v, + x,v,) 

is based on the following considerations: 
1) The infinite dilution activity coefficients 
2) The shape of the liquidus curve 
3) Experimental measurements that indicate interactions a t  

4) The representation of the experimental data 
a particular composition 

The LCPT model representation of the Gibbs energy and 
enthalpy is sensitive to both the number and stoichiometry of the 
compounds selected. 

Table 1 presents the results for the Gibbs energy determina- 
tion. Listed on the table are the postulated compounds, the 
chemical and physical interaction parameters, the temperature 
of the experimental activity coefficient data, and a reference to 
the source of experimental data. 

Figures 3 to 7 show the calculated fits of experimental activ- 
ity coefficient data for four representative systems. In addition 
to  the LCPT model representation of the experimental data, the 
chemical- and physical-interaction contributions are also shown. 
The Mg-Sb system, Figure 3, exhibits the strongest chemical 
interactions of the three-compound systems. These interactions 
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are accounted for by assuming that three compounds (MgSb, 
Mg2Sb, and Mg,Sb2) exist in the liquid phase and are the same 
compounds Alger and Eckert used in modeling this system with 
ICT. A two-compound system that has strong chemical interac- 
tions is Mg-Pb, Figure 4, for which MgPb and Mg2Pb are the 
two compounds. Even though chemical interactions dominate in 
these systems, the physical-interaction contribution is needed to 
achieve accurate representation of the experimental data. 

The model also provides an excellent representation of the 
Gibbs energy for systems, in which both chemical and physical 
interactions are of comparable strength, for example, the Cu-Sb 
system, Figure 5. A second two-compound system, in which 
physical interactions are important, is the Cu-In system, Figure 
6 ,  which exhibits both negative and positive deviations from 
ideal solution behavior. Further, this system demonstrates 
clearly the importance of the physical interactions in deter- 
mining the activity coefficient a t  infinite dilution. 

Figure 7 shows the LCPT model representation and the 
experimental activity coefficient data for a one-compound sys- 
tem (Cd-Bi) that exhibits both negative and positive deviations. 
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Figure4. LCPT model fit of magnesium activity coeffi- 
cient data for the Mg-Pb system at 923 K. 
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Figure5 LCPT model fit of copper activity coefficient 
data for the Cu-Sb system at 1,190 K. 
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Figure6. LCPT model fit of copper activity coefficient 
data for the Cu-In system at 1,073 K. 

Although this system does not form compounds in the solid 
phase, the existence of the Cd,Bi, compound can be inferred 
from liquid-phase properties (Hogfelt, 1954, 1956; Alger and 
Eckert, 1986a). 

Heat of Mixing Representation 

The temperature derivative of the Gibbs energy can also be 
represented by the LCPT model. Experimental enthalpy data 
are usually one of two types: partial molar enthalpy data, 
usually determined from E M F  measurements, and integral mo- 
lar enthalpy of mixing data, usually obtained from calorimetric 
measurements. The latter are generally more accurate because 
the enthalpy is measured directly. Either type can be used to 
determine the model parameters. The compounds assumed to 
exist in solution for the Gibbs energy representation are the 
same ones used in the enthalpy representation; no new or addi- 
tional compounds are introduced. 

The LCPT model was used to determine the enthalpies for 13 
liquid metal systems. Table 2 shows the values of the chemical- 
and physical-interaction parameters, the temperatures a t  which 
the parameters are fit, the compounds assumed to exist, and a 
reference to the source of the experimental data. The LCPT 
model representation of the integral molar enthalpy of mixing 
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Figure 7. LCPT model fit of cadmium activity coefficient 
data for the Cd-Bi system at 773 K. 
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Table 2. Enthalpy of Formation: Parameters Fit with XFT Model 

B** Data 
Source 

H t  
System Compound T W  (kJ/mol) (kJ/m3) 

Three-Compound Systems 
Mg-Sb MgSb 1073 -83.227 7,956 Rao and Patil ( 197 1) 

Mg2Sb 
Mg3Sb2 

Two-Compound Systems 
Li-Sn Li,Sn, 825 -61.592 3,254 Moser et al. (1986) 

Mg-Bi MgBi 97 3 - 29.6 10 -1,192 Hultgren et al. (1963) 

Mg-Pb MgPb 943 - 19.146 19 Sommer et al. (1980) 

Li,Sn, 

Mg3Bi2 

Mg2Pb 

MgzPb 

Mg2Pb 

Mg2Sn 

Mg2Sn 

Mg2Sn 

MgPb 1033 - 18.715 - 140 

MgPb 1223 - 17.769 - 164 

Mg-Sn MgSn 1073 - 30.455 - 224 Sommer et al. (1980) 

MgSn 1133 -29.911 -653 

MgSn 1213 - 27.903 -1,051 

Cu-Sn CuSn 1400 -25.045 2,930 Hultgren et al. (1973) 

Cu-Sb CuSb 1190 - 1 1.309 370 Hultgren et al. (1973) 

Cu-In CuJn 1073 -7.267 177 Hultgren et al. (1973) 

Cd-Sb CdSb 173 -6.171 998 G e e e n  et al. (1967) 

One-Compound Systems 
AI-Ni AlNi 1873 - 112.740 -8,152 Desai (1987) 
AI-AU AIAu, 1338 -54.21 1 -7,711 Hultgren et al. (1973) 
Au-Sn Au2Sn 823 - 14.401 - 3,594 Hultgren et al. (1973) 
Cd-Bi Cd,Bi, 693 0.469 242 Kornarek and Stummerer (1973)' 

Cu3Sn 

Cu3Sb 

Cu,In 

CdiSb, 

*Chemical-interaction parameter: hichem - (n,  - 1)Hg 
**Physical-interaction parameter: hfhP - lWA*p , (xpA + xBve) 

for the Mg-Sb system at 1,073 K is shown in Figure 8, in which 
the dominant contribution is from the chemical interactions. 
Figure 9 shows the LCPT model representation of the enthalpies 
for the Mg-Pb system at three temperatures; again chemical 
interactions dominate. Both chemical and physical interactions 
are required to represent accurately the experimental enthalpy 

ATOM FRACTION Mg 

Figure8. LCPT model fit of integral molar enthalpy of 
mixing for the Mg-Sb system of 1,073 K. 

data. Chemical and physical forces are of approximately equal 
strength in the Cu-Sb system at 1,190 K, Figure 10. 

Discussion 
LCPT successfully models the thermodynamic properties of 

compound-forming alloys. Certainly, LCPT involves significant 
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Figure9. LCPT model fit of integral molar enthalpy of 
mixing for the Mg-Pb system at three tempera- 
tures. 
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mixing for the Cu-Sb system of 1,190 K. 
Figure 10. LCPT model fit of integral molar enthalpy of 

assumptions that are not yet justified fundamentally. The rea- 
sons underlying the approximately linear dependence of energy 
on cluster size are not understood, which suggests a fascinating 
area for future study. 

Alger and Eckert ( 1 9 8 6 ~ )  have generalized ICT to predict the 
thermodynamics of multicomponent systems in which physical 
interactions could be neglected. An analogous extension of the 
LCPT model is straightforward. Assuming only that ternary, 
i.e., Aa,BbtCe,, or higher order intermetallic compounds are not 
important, one can predict ternary activities from binary data 
only. Experimental data for ternary liquid metal systems, in 
which both chemical and physical interactions are important, 
are needed to adequately test this extension of the model. 

The LCPT model can also be applied to the determination of 
other thermodynamic properties, such as the composition de- 
pendence of the Gibbs energy, i.e., Darken’s stability function, 
and the surface tension and surface phase composition. Since 
the temperature dependence of the heat of mixing parameters 
may be determined, the LCPT model may be extended to repre- 
sent the molar heat capacity of the mixture. As with many other 
liquid metal properties, there is a scarcity of high-precision 
experimental data. 

A problem is encountered when one tries to model the entropy 
of formation for the compounds. The entropy of formation is 
usually a small difference between two large numbers: the Gibbs 
energy of formation and the enthalpy of formation. This calcu- 
lation many times results in the entropies of formation taking on 
small positive values that are unrealistic. This is usually called 
the “closure problem.” The closure problem may be improved 
by further refinement of the model because the chemical-inter- 
action parameters are not entirely independent of the physical- 
interaction model. The same LCPT concepts combined with a 
different physical theory, such as a physical theory based on true 
mole fractions, will lead to a different apportionment of chemi- 
cal and physical interactions. Howell and Eckert (1988) present 
a discussion of other physical theory models that could be used. 

A major assumption in modeling the physical interactions is 
that the physical theory model is a function of the bulk atom 
fractions only. This assumption was made primarily to reduce 
the number of physical-interaction parameters. Another possi- 
ble approach is to allow the physical model to be a function of 
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the true mole fractions of the monomers and compounds in solu- 
tion and then reduce the number of physical-interaction param- 
eters using a group contribution approach. The success of this 
method would be contingent on finding a relationship between 
the physical-interaction parameters. 

Conclusions 
The LCPT model achieves excellent quantitative representa- 

tion of both the Gibbs energy and enthalpies for a large class of 
liquid metal systems. This is done with the use of only two mod- 
eling parameters: one to account for the chemical interactions 
and the other for the physical interactions. The model is based 
on an empirical, linear relationship between Gibbs energy of for- 
mation (or the enthalpy of formation) for a compound and the 
number of atoms comprising the compound. This relationship 
results in the reduction in the number of chemical-interaction 
parameters, compared with previous chemical theory models. 
Only two modelling parameters a t  a single temperature are 
required, regardless of the number of compounds postulated. 
The development of a more sophisticated model is hindered 
because o f  1) a limited, high-precision experimental database, 
and 2) critical uncertainties in the exact nature of metallic clus- 
ter formation. In total, the LCPT model is an acceptable 
approximation when representing the thermodynamic proper- 
ties of liquid metal solutions. 
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Notation 
a = stoichiometric coefficient 
A = Scatchard equation parameter (Gibbs energy) 
b = stoichiometric coefficient 
B = Scatchard equation parameter (enthalpy) 
g = Gibbs energy 
G, = group contribution chemical-interaction parameter (Gibbs en- 

ergy) 
h = enthalpy 

K = equilibrium constant 
n = number of atoms 

R = ideal gas constant 
T = temperature 
v = molar volume 
x = apparent mole fraction 
z = true mole fraction 

H, = group contribution chemical-interaction parameter (enthalpy) 

Greek Letters 
a = true activity coefficient 
6 = matrix of adjustable parameters + = volume fraction 

Subscripts 
phys = physical-interaction contribution 

chem = chemical-interaction contribution 
i = component designation 

Superscripts 
E = excess 
f - formation 
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