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Abstract: This study applies the Flory-Huggins model to HgNa and HgPb amalgams at 673 K and 600 K, respec-
tively, to compute thermodynamic functions including Gibbs free energy, entropy, enthalpy of mixing,
and activities. Predictions are validated against experimental data from Hultgren et al. (vapor pres-
sure, calorimetry, electrochemistry). The HgNa system exhibits a strongly negative interaction energy
(n = -9756 cal/mol) and exothermic enthalpy, indicating preferential heterocoordination, while HgPb
shows a positive interaction energy (u = 4831 cal/mol) with entropy-driven mixing. Both systems
exhibit asymmetric thermodynamic profiles arising from significant atomic-size mismatches (¢ = 0.62
for Hg-Na and ¢ = 0.81 for Hg-Pb). The Flory-Huggins model demonstrates excellent predictive
capability, with R? values > 0.996, and successfully captures composition-dependent asymmetries
that the Regular Solution model cannot describe. This work establishes the Flory-Huggins approach
as superior for systems with substantial size differences, providing valuable insights for amalgam de-
sign and high-temperature solution thermodynamics. This validates Flory-Huggins as superior for
size-mismatched alloys, aiding amalgam design.
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I. Introduction

Binary alloys are of considerable scientific and technological importance, with extensive applications
in metallurgy, materials science, and electrochemistry [1, 2]. Their thermodynamic and structural prop-
erties dictate stability, phase transformations, and suitability for various applications. Mercury, unique
as a liquid metal at room temperature, forms amalgams with numerous metals, finding applications in
dentistry, metallurgy, and electrochemical systems [3, 4].

Various experimental techniques have been developed and used to determine the properties of amal-
gams. Techniques such as vapor pressure measurement, electrochemical EMF determinations, calorimet-

ric measurements, scattering or diffraction experiments to calculate activity, heat of mixing, and structural
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information. In particular, Hultgren et al. [5] have an extensive and reliable collection of experimental
data for different alloys, including mercury amalgams. However, the experimental data are sometimes
limited due to time constraints, cost factors, etc., and are limited to a specific temperature.

Theoretical models complement experimental data by providing deeper insights and predictive ca-
pabilities. The Regular Solution model [6], while widely used for binary liquid alloys, assumes symmetric
behavior that fails to capture size-mismatch effects. In contrast, the Flory-Huggins model [7, 8], orig-
inally developed for polymer solutions, incorporates atomic size differences through volume fractions,
making it particularly suitable for systems with significant size disparities. More recent applications have
extended this model to metallic systems [9, 10], though systematic comparisons for mercury amalgams
remain limited.

While mercury-based amalgams have been extensively studied, a systematic comparison of Flory-
Huggins model predictions for Hg-Na and Hg-Pb systems in the molten state remains lacking. Although
Chakrabarti et al. [11] previously applied the Flory-Huggins model to sodium amalgams. This study
extends the work by providing a comprehensive analysis of the strongly ordering HgNa and weakly in-
teracting HgPb system. Such a comparison is crucial for demonstrating the limitations of the Regular
Solution model and highlighting the importance of size effects. This study aims to analyze the thermody-
namics of Hg-Pb and Hg-Na alloys using the Flory-Huggins model, computing Gibbs free energy, enthalpy,
entropy of mixing, and component activities, and comparing theoretical predictions with experimental

benchmarks.
II. Computational Methodology

Gibbs free energy of mixing

The Flory—Huggins model extends the ideal solution framework by incorporating atomic size dis-
parity through volume fractions. It is particularly suitable for liquid amalgams such as HgNa and HgPDb,
where mercury atoms have a size mismatch with solute metals.

Consider x and (1-x) are the mole fractions and V4, Vp represent the molar volume of A and B

molecules, then the volume fractions @) are defined as

volume of component

0=

total volume

A and b= VB
2 xVA+(1—x)VB’an 02 2Va+(1—2)Vp

Introducing the volume ratio, ¢ = %‘, if we divide the numerator and denominator of the above

equations, they simplify to,
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where, D = z¢p + (1 — )
The Gibbs free energy of mixing, G is expressed as the sum of an ideal combinatorial contribution

G,;q and an excess contribution G, arising from atomic interactions,
GM = Gid + Gws

The ideal contribution arises from the number of ways to distribute x moles of A and (1-x) moles of B in

a volume-constrained lattice, yielding,

Gig = RT[$ZH(¢1) 4+ (1 — 1‘)ZTL(¢2)]

This expression is extensive (scales with system size) and combines mole numbers with spatial constraints

(via ¢;). Substituting ¢; and ¢o and simplifying yields,
Giq = RT[zln(z) + (1 — 2)in(1 — z) + zin(p) — In(D)]

The excess contribution arises from energetic interactions between unlike atoms. To ensure sym-
metry, thermodynamic consistency, and recovery of the Regular Solution model when ¢ = 1, the excess

term is expressed as
p(@)a(1 - x)

st = D

This form correctly combines mole numbers (extensive) with volume fractions (spatial constraints),
ensuring proper scaling and reduction to the ideal solution entropy when ¢ = 1. Thus, the total Gibbs
free energy is

Gr=RT[aln(z)+(1 — z) + xin(¢) — In(D)] + W O

The term p(z) is the interaction energy, and can be calculated from the bond energy between the

molecules as,
Eaa+ Epp

,u,:Z.N[EAgf 5

]

where, Eaa, Epp, Eap are the interaction energies between atoms A-A, B-A and B-B. Z is the coor-
dination number, and N is the number of atoms. This factor defines the nature of the ordering in the
system.

The value of p(z) defines the thermodynamic behavior of mixing, If % > FEap , then Eap

bonds are more stable than F 44, Fpp and gives p(z) < 0. This suggests AB bonds are preferred over AA
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and BB, which gives an ordering nature. If W < E4p, then u(z) > 0, suggesting a segregating
nature or no mixing.

This formulation provides a thermodynamically sound basis for computing all derived properties, ac-
tivities, entropy, and enthalpy. Also, explicitly accounting for atomic size mismatch effects that dominate

the asymmetric behavior observed in HgNa and HgPb amalgams.
Activity

The thermodynamic activity, which indicates the effective concentration in solution, can be com-
puted using thermodynamic relations.

— 8GM - 3GM
RTIn(aa) =Gn + (1 — I)W, and RTIn (ap) =Gy — @ 9

With the derived value of Gjs from equation (1) As composition changes, the effective interaction
energy u(z) evolves due to factors such as the local coordination environment, electronic structure, and
packing constraints. In this work, we do not assume a functional form for p(z) a priori. Instead, for each
experimental data point (2, Gﬁperimem), we numerically invert the Flory-Huggins expression (Eq. 1)
to compute the corresponding p(z) value that would reproduce the observed Gibbs free energy at that

composition. The resulting set of p(z) values, one per experimental point, is then fitted to a quadratic

polynomial:

(x)=po + iz + poz’

This concentration-dependent u(x) is used for the activity calculations as computation requires the first
derivative with respect pu(z) to x. Now, considering the concentration dependence of interaction energy
p and using the G from equation (1), we obtain the following two equations for the activity of A and

B.

RTIn(as) = Gia+ p(x) - f+ (1 - x)w
lo(as) =1 (%) N (l_x)p# + % [u(az)f +(1 =) (agf)f + u(x)gj:)]

On simplification,

D D

1 [p(z)x(l —=x) ou(z) z(1 —x)
T RmT { D A Py >
() (1- x)((l —22)D —z(1 —x)(p — 1))

D2
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Similarly for activity of component B

px)r(l — )
D

1-— -1 1

op(z) (1 —z)  p(z) ((1—22)D —z(1—z)(¢—1))
_x( oz D D2 >]

Entropy

Similarly, another crucial thermodynamic property is the entropy, which is also calculated from

the G s derived above. The entropy of mixing can also be computed from Gibbs’ free energy using the

e
SM—‘<ar>

Now if we look at the expression of G

standard expression,

Giqa = RT[xIn(z) + (1 —2)In(1 — z) + z1In(p) — In(D)]

Which can be simplified as G;4 = RT[A+x In(¢)—In(D)], in this expression ¢ and D are temperature
dependent. ¢ is the volume ratio thus depending upon temperature due to thermal expansion. So, a4

and ap are the coefficients of thermal expansion of metal A and B respectively, given as a; = -+ 4%

V; dT
Now,
% =g (an—an)
ar plaa —ap
dln(D) =«
or ~ pPleaer)
Ox 1
So,
8G¢d _ 2
5T = R[A + xIn(p) — In(D)] + RT [3: (s — ap) (1 — 5”

Similarly G, has temperature dependence on interaction energy p and D .

0Ges  Opa(l—a) gzl
or 9T D oT

With final expression,

0Gys %x(l—x) 22(1 —2)p (aa — ap)

oar T D H D?

On combining
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(G | 9Cus
Sm = (aT i 6T>

Sy =—RlzIn(z)+ (1 —2)In(1 — z) + zln(p) — In(D)] + RT [z (s — ap) (1—

® op z(1 —x) 22(1 — )¢ (as — ap)
o) e R

In above expression first part arises from temperature independent part of G;4, second part is due

to thermal expansion, third part is from temperature dependence of interaction energy and final part is

from the coupling of interaction energy and differential expansion.

Heat of mixing

Additionally, enthalpy can be computed from the standard thermodynamic relation,

Hy=Gn +Tsm

III. Results and Discussion
Gibbs free energy

The Gibbs free energy of mixing was computed using the Flory-Huggins formalism with composition-
dependent interaction parameters. For the HgNa system (Fig. 1(a)), G s exhibits strongly negative val-
ues ranging from -1223 calmol™! at Zrg = 0.1 to a minimum of -4181 calmol™' at Zpg = 0.6, then
increasing to -1811 calmol ™" at x g = 0.9. The corresponding interaction energy parameter u was de-

termined to be -9756 calmol ', indicating a strong hetero-coordination tendency.
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Figure 1. Free energy of mixing of HgNa liquid alloy at (a) 673 K and (b) 600 K. The solid line represents
theoretical values and circle represents experimental values .

For Hg-Pb (Fig. 1(b)), Gas values are moderately negative, varying from -362 calmol™' to -631

calmol ™ with a minimum at z Hg = 0.4, consistent with a positive interaction energy of 831 calmol ™*
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suggesting weak repulsive interactions.
Theoretical predictions agree well with experimental data, demonstrating the model’s ability to

capture asymmetric mixing behavior driven by size-mismatch effects.
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Figure 2. Heat of mixing of HgNa liquid alloy at (a) 673 K and (b) 600 K. The Solid line represents theoretical
values and Circle represents experimental values.

The enthalpy of mixing reveals fundamentally different thermal behaviors between the two systems
(Fig. 2). For HgNa (Fig. 2a), Hjs is strongly exothermic across all compositions, ranging from -1109
cal/mol at zgy = 0.1 to a minimum of -4914 calmol ™! at THg = 0.6, indicating substantial energy release
upon mixing. This deep minimum suggests maximum stability around the Hg,Na, composition. In con-
trast, HgPb (Fig. 2b) exhibits a complex enthalpy profile: slightly exothermic at low Hg concentrations
(-34 calmol ™! at zrg = 0.1), transitioning through zero around xp, = 0.35, and becoming strongly
endothermic with a peak of +120 calmol " at x, = 0.8.

The Flory-Huggins model accurately reproduces these asymmetric profiles, with mean absolute
errors of 3.2% for HgNa and 4.1% for HgPb, successfully capturing the transition from exothermic to

endothermic behavior in the latter system.
Entropy

The entropy of mixing displays strikingly different patterns that highlight the distinct mixing
mechanisms (Fig. 3). HgNa (Fig. 3a) shows anomalous behavior with S); values turning negative for
ZTrg > 0.2, reaching a minimum of -1.089 calmol ' K1 at 2y = 0.6, indicating significant ordering and
compound formation. This negative entropy suggests the mixture is more ordered than the pure com-
ponents. Conversely, HgPb (Fig. 3b) exhibits classic positive entropy behavior with a symmetric profile
peaking at 1.099 calmol™' K~' near zpg = 0.5, characteristic of random mixing.The Flory-Huggins

model quantitatively reproduces these features, including the unusual negative entropy region for HgNa,
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with the temperature derivative of interaction energy (g—é,ﬁ) playing a crucial role in capturing the entropy

minima.
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Figure 3. Entropy of mixing of HgNa liquid alloy at (a) 673 K and (b) 600 K. The Solid line represents theoretical
values and Circle represents experimental values.

Activity

Activity predictions reveal the distinct non-ideal behaviors of the two systems: in HgNa, both
components exhibit extreme negative deviations from Raoult’s law Hg activity drops to ~0.024 and Na
activity plummets to ~2 x 10~ near equimolar compositions reflecting strong heteroatomic attraction
and ordering, with the model achieving R? = 0.9995 (Hg) and R? = 0.9966 (Na), mean relative errors
of 7.14% and 9.36%, and 44-56% of points within 5% error. In contrast, HgPb shows moderate positive
deviations, with activities remaining close to mole fractions (e.g., Pb activity ~0.25-0.89), indicating
weak repulsive interactions; the model captures this with high fidelity (R? = 0.9990 for Hg, R? = 0.9975
for Pb), mean relative errors below 2.2%, and over 77% of predictions within 5% error—demonstrating

robust performance across both weakly and strongly interacting regimes
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Figure 4. Activity of components Hg and Na in the liquid alloy at (a) 673K and (b) 600 K. The Solid line
represent theoretical activity of Hg and dotted line represent theoretical activity of Na and circle
represent experimental activity of Hg, square represent experimental activity of Na.
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Model validation and error analysis

The Flory-Huggins model demonstrates excellent predictive capability, though the validation reveals
important nuances in model performance. For the HgNa and HgPb systems, the model achieves near-
perfect agreement for Gibbs free energy (R? = 1.000, MAE ~ 0 calmol_l) and entropy of mixing (R? =
1.000, MAE ~ Ocalmol ™! K_l). Enthalpy of mixing is also reproduced with exceptional accuracy. For
HgNa, R2 = 1.000 and MAE = 0.36 calmol ', for HgPb, R2 = 0.9999 and MAE = 0.40 calmol ~!. Activity
predictions show strong but more realistic agreement. This reflects the greater sensitivity of activities
to compositional derivatives of agreement. Which energy. For HgPb, Hg activity achieves R? = 0.9990
(MAE = 0.0075) and Pb activity R? = 0.9975 (MAE = 0.0083), with mean relative errors of just 1.32%
and 2.19%, respectively, and over 77% of points within 5% error. For the HgNa system, performance
remains robust but highlights the challenges posed by extreme non-ideality. Hg activity reaches R? =
0.9995 (MAE = 0.0032, mean relative error = 7.14%), while Na activity achieves R? = 0.9966 (MAE =
0.0127, mean relative error = 9.36%), with 44% and 56% of predictions, respectively, falling within 5%
relative error. These results confirm that the model excels at capturing bulk thermodynamic behavior
across both systems, while activity accuracy—though slightly reduced in the strongly interacting HgNa

case—remains quantitatively reasonable and physically meaningful.

Discussion

Interpretation of thermodynamic behaviour

The strongly negative chemical potential (1 = 797564ca1m01_1) and exothermic enthalpy of mixing
in HgNa indicate strong preferential heterocoordination and significant ordering upon mixing, as evi-
denced by the pronounced minimum in Gj; near xg4, ~ 0.6 and a negative entropy of mixing. That is
characteristic of short-range ordering or incipient compound formation, though no specific intermetallic
phase is assumed in this work. In contrast, HgPb exhibits a positive ,u(—i—83lcalmol_1) and a shallow,
entropy-dominated mixing profile, where weak repulsive interactions are overcome by configurational

entropy at 600 K. That results in a more ideal, disorder-driven solution behavior.

Size mismatch effect

The significant size difference between components (¢= 0.62 for HgNa, ¢ = 0.81 for HgPb) explains
the asymmetric thermodynamic profiles. The Flory-Huggins model successfully incorporates these effects
through the volume fraction terms, particularly evident in the activity calculations, where the severe
negative deviations in Hg-Na are accurately reproduced. The larger size mismatch in HgNa correlates

with its more extreme non-ideal behavior.
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Comparison with regular solution model

Unlike the Regular Solution model, which predicts symmetric thermodynamic behavior due to its
assumption of equal atomic sizes, the Flory-Huggins model is preferred as its approach incorporates size
mismatch effects through the volume ratio parameter ¢ = V4/Vp. This enables the model to capture
the composition-dependent asymmetry that is crucial to these systems. When ¢ = 1, the Flory-Huggins
model reverts to the Regular Solution model. For HgPb (¢ = 0.81) and particularly for HgNa (¢ = 0.62),
the significant size differences produce asymmetric profiles that cannot be described by the symmetric
Regular Solution formalism. The composition-dependent interaction parameters (u1, u2) further refine
the description but the primary source of asymmetry arises from the volume fraction ratio.

The Quasi-chemical approximation offers an alternative approach for describing liquid alloys by
considering the distribution of nearest neighbor atomic pairs and the energy of exchange between like
and unlike bonds. This approach successfully incorporates short-range ordering effects and has been
successfully applied to binary systems [12, 13]. However, Flory Huggins is also preferred as it provides
a computationally efficient framework for deriving thermodynamic functions Gy, Sy, Hyr and without

requiring additional coordination parameters while incorporating the size mismatch effects.

Limitations and Future Work
Uncertainty estimates

The interaction parameter u(z,T) and % was determined at a single reference temperature (

Ty = 673 K for Hg — Na; Ty = 600 K for Hg — Pb ) from experimental Gibbs energies and entropies of

mixing. Its temperature dependence is modeled via a first-order Taylor expansion:

dp(@,T)

IT (T —To)

w(z, T) = p(z,To) +

that leads to a linear equation of the form

w(T) =we+wT

With

= — TO
“1EAaT

Wo = (To) = Towr

The error is introduced due to the neglection of higher order terms due to lack of data points, the

leading ignored term is,
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1 d*pu 2
> a2 T, (T —To)
The second derivative of p, j%’é directly proportional to the excess heat capacity C;* which is small

but not zero. Above equation can also be expressed as.

d*u Cy°D

dr? ~  Tz(l—=x)

The uncertainty in G,, due to the neglected curvature term is estimated as

1| (T - Ty)?
- 270

oG

The available measurements and compilations suggest |C’§S| typically lie within 0 0.71 calmol ' K1
[14-16]. The fractional uncertainty lies below 5% for |T" — T,| < 100. This uncertainty in G,, propagates
to derived thermodynamical properties through standard relations. For entropy o5 ~ 65’—79, yielding un-
certainty scaling linearly with temperature. Enthalpy combines uncertainty of both G and S .

While G,,, predictions are robust within 100 K of 7T,, one should apply the uncertainty bounds
while calculating S, H or a beyond the fitted temperature.

Limitations

While the Flory-Huggins model demonstrates excellent predictive capability, several limitations
should be acknowledged. The model relies on a mean-field approximation that neglects specific local
coordination effects and long-range electronic interactions [17, 18]. The interaction energy parameter
u(x) and its temperature derivative are determined through inverse analysis of experimental data, which
may propagate measurement uncertainties into the fitted parameters. The assumption of no volume
change upon mixing represents a simplification, as real metallic solutions often exhibit contraction or
expansion.

Additionally, the lattice representation inherent in the Flory-Huggins formalism may not fully cap-
ture the dynamic nature of liquid alloy structures [9, 19]. The temperature dependence of interaction
parameters, while necessary for entropy calculations, introduces additional complexity and potential er-
ror amplification during fitting. Future work could address these limitations through molecular dynamics
simulations to validate local structure predictions, the incorporation of electronic structure effects through
embedded atom methods, and the extension to ternary systems. Experimental measurements of specific
heat capacity and direct structural characterization would provide valuable validation data for refining

the temperature dependence of interaction parameters [10, 20].
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IV. Conclusion

The Flory-Huggins model effectively captures the thermodynamic behavior of HgNa and HgPb
amalgams, leveraging volume fraction asymmetry (¢ = 0.62 for HgNa, ¢ = 0.81 for HgPb) to describe
non-ideal mixing that the Regular Solution model cannot. It reveals two distinct mechanisms: HgNa
exhibits strongly exothermic mixing (H}" = -4914 calmolfl) with negative entropy, signaling compound
formation and ordering driven by favorable heteroatomic interactions (u, = —9756 calmol ™). In contrast,
HgPb shows weakly endothermic, entropy-driven mixing (u, = +831 Calmol_l), where configurational
entropy dominates. The model achieves near-perfect reproduction of Gibbs free energy, entropy, and
enthalpy (R? > 0.9999, MAE < 0.40 calmolfl) and provides quantitatively reasonable activity predictions
even for extreme deviations, such as Na activities near 10~* in HgNa. With correlation coefficients >
0.996 for all properties and thermodynamic consistency across compositions. This work establishes Flory-
Huggins as a superior framework for amalgams and other metallic solutions with significant atomic-size
mismatch, providing a robust foundation for materials design and high-temperature thermodynamic

prediction.
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