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The alloying behaviour of Na–Sn liquid alloys at 773K has been studied by using regular associated solution
model. This model has been utilized to determine the complex concentration in a regular associated solution
of Na and Sn. We have then used the complex concentration to calculate the free energy of mixing (GM), enthal-
py of mixing (HM), entropy of mixing (SM), concentration fluctuations in long wavelength limit (SCC(0)), the
Warren Crowley short-range parameter (α1) and ratio of mutual and intrinsic diffusion coefficients (DM/Did).
The analysis suggests that heterocoordination leading to the formation of complex Na3Sn is likely to exist in
the liquid and is of a strongly interacting nature. The theoretical analysis reveals that the pairwise interaction
energies between the species depend considerably on temperature and the alloys are more ordered towards in-
termediate region.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The study of the mixing behaviour of liquid alloys is of immense
importance for physicists, chemists and engineers for designing and
exploring new materials. Thus determination of different properties
of liquid alloys, such as thermodynamic, surface, structural, electrical,
magnetic properties has been the subjects of active research in metal-
lurgical science for many years. But understanding the properties of
liquid alloys is much more difficult than that of crystals due to the
presence of strong interactions among the particles and their state
of disorder in liquid state. Several theoretical models [1–12] have
long been employed to solve the complexities of obtaining different
properties of binary liquid alloys. In this work we have studied the
thermodynamic and structural properties of Na–Sn liquid alloy at
773K on the basis of regular associated solution model.

In regular associated solution model, strong associations among the
constituent species are assumed to exist in the liquid phase of binary al-
loys close to the melting temperature. Due to the strong associations
present in the solution, complexes are formed. Thus the binary alloys
in a liquid phase can be considered as a ternarymixture of unassociated
atoms of components and complexes, all in chemical equilibrium. But
the interactions between both the unassociated atoms and the complex
are considered no longer equal and hence unassociated atomsdonot in-
teract equally with the complex.

Several workers [13–21] have theoretically and experimentally
tried to understand different properties of Na–Sn system in liquid

state. Asymmetry in various properties of mixing of molten Na–Sn al-
loys is noticed around equiatomic composition. The size factor (ΩNa/
ΩSn=1.45; Ω being the atomic volume) and electronegativity differ-
ence ( ESn−ENa=1.03) are not large enough to account for the
anomalous behaviour of mixing properties. The phase diagram
shows the existence of several intermediate phases in the liquid
state of Na–Sn alloys which has been confirmed by several workers
[19,22,23]. Several pieces of experimental evidence clearly demon-
strate that the asymmetric behaviour for a large number of liquid al-
loys occur at or near the stoichiometric composition where stable
intermetallic compound exist in the solid phase. It is, therefore, natu-
ral to propose that the ‘chemical complexes’ or psedomolecules' exist
in the liquid phase near the melting temperature. From the Na–Sn
phase diagram (see refs. suggested above), the Na9Sn4 intermetallic
compound exists up to 478 °C, and it melts congruently at that tem-
perature. The curve of the enthalpy of mixing of Na–Sn solutions at
500 °C exhibits the minimum value at 43 at.% Sn [22,23]. These find-
ings are corroborated by neutron diffraction measurements [18].Tak-
ing into account that in the liquid phase the irregularities (due to
strong interactions in the system in questions) on the property-
curves sometimes are often shifted with respect to the exact compo-
sition of an energetically favoured intermetallic compound, the
Na9Sn4 (31 at.%Sn) can be approximated by A3B stoichiometry
(Na3Sn, with 25 at.%Sn), because none of the models used takes into
account the stoichiometry A9B4 (always the stoichiometric coeffi-
cients are small integers). Thus we consider Na3Sn phase to describe
the thermodynamic and structural properties of Na–Sn liquid alloy
at 773K.

The layout of the paper is as follows. In Section 2, the theoretical
basis of our work is presented. Section 3 gives the results and discus-
sion of this work. Finally, the conclusions are outlined in Section 4.
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2. Theory

Let the solution of the binary alloy A–B (=Na–Sn) consists of n1

atoms of species A and n2 atoms of species B. Following Lele and Ram-
chandrarao [24], it is assumed that chemical complexes ApB
(ApB⇔pA+B) exist in the melt, where p is a small integer which is
usually determined from the compound –forming concentration (=
p/(p+1)) in the solid state. Because of the existence of the com-
pound, liquid alloys are supposed to be composed of three species,
namely, monomers A (=Na), B (=Sn) and complex ApB (=Na3Sn)
in equilibrium, where p=3. Let the concentration of A, B and ApB
species be nA,nB, and nApB moles respectively. In the partially associat-
ed solution the formation of nApB complex requires n1=nA+pnApB
and n2=nB+nApB for conservation of mass. When there is associa-
tion, the thermodynamic behaviour of complexes A and B compo-
nents is governed by their true mole fractions xA,xB and xApB (where
xA ¼ nA

nAþnBþnApB
etc.) rather than their gross mole fraction x1 and x2,

(where x1 ¼ n1
n1þn2

etc.).
Using above relations the two sets of mole fractions are related to

each other by the relations

xA ¼ x1−px2xApB; xB ¼ x2− 1−px2ð ÞxApB ð1Þ

Progonine and Defay [25] have shown that in associated solutions,
the gross chemical potentials of components 1 and 2 are equal to the
chemical potentials of the monomeric species A and B. Following Jor-
dan [26] the activity coefficientsγA, γB and γApB of monomers and
complex can be expressed in terms of pairwise interaction energies
through

RT lnγA ¼ x2Bω12 þ x2ApBω13 þ xBxApB ω12−ω23 þω13ð Þ ð2aÞ

RT lnγB ¼ x2ApBω23 þ x2Aω12 þ xAxApB ω23−ω13 þω12ð Þ ð2bÞ

RT lnγApB ¼ x2Aω13 þ x2Bω23 þ xBxA ω13−ω12 þω23ð Þ ð2cÞ

whereω12, ω13 and ω23 are interaction energies for the species A, B ;
A, ApB and B, ApB respectively, T the temperature and R stands for
the universal gas constant.

The equilibrium constant for the reaction ApB⇔pA+B is given

k ¼ xpAxBγ
p
AγB

xApBγApB
: ð3Þ

Thus, using Eqs. (1)–(3), one gets

ln k ¼ ln
xPA xB
xApB

 !
þω12

RT
pxB 1−xAð Þ þ xA½ � þω13

RT
pxApB 1−xAð Þ−xA
h i

þω23

RT
xApB 1−pxBð Þ−xB
h i

: ð4Þ

Now using the equations listed above the free energy GM is given
by

GM ¼ 1

1þ pxApB
� � xAxBω12 þ xAxApBω13 þ xBxApBω23

� �
þ RT

1þ pxApB
� ��

xA lnxA þ xB lnxB þ xApB lnxApB
� �

þ xApB

1þ pxApB
� �RT lnk: ð5Þ

Once the expressions for GM is obtained, other thermodynamic
and microscopic functions follow readily. Heat of mixing (HM), entro-
py of mixing(SM) and concentration fluctuations in the long-

wavelength limit (SCC(0)) are related to GM through standard ther-
modynamic relations

HM ¼ GM−T
∂GM

∂T

� �
P

ð6Þ

SM ¼ HM−GM

T
ð7Þ

SCC 0ð Þ ¼ RT ∂2GM=∂C
2

� �−1

T;P
ð8aÞ

SCC 0ð Þ ¼ 1−Cð Þa1 ∂a1=∂Cð Þ−1
T;P

¼ Ca2 ∂a2=∂ 1−Cð Þð Þ−1
T ;P

ð8bÞ

where C (= xNa) is concentration of A component in the alloy. Eq. (5) is
used in Eqs. (6) and (8a), we obtained expressions for HMand SCC(0) as

HM ¼ 1

1þ pxApB
� � xAxBω12 þ xAxApBω13 þ xBxApBω23

� �
− T

1þ pxApB
� ��

xAxB
∂ω12

∂T þ xAxApB
∂ω13

∂T þ xBxApB
∂ω23

∂T

� �
−

xApB

1þ pxApB
� �RT2 d lnk

dT

ð9Þ

SCC 0ð Þ ¼
(

1

1þ pxApB
� �

"
2
RT

x=Ax
=
Bω12 þ x=Ax

=
ApBω13 þ x=Bx

=
ApBω23

� �

þ x=2A
xA

þ x=2B
xB

þ
x=2ApB
xApB

 !#)−1

:

ð10Þ

Here, ∂
2GM

∂C2 > 0 for ∂GM
∂C ¼ 0where prime denotes the differentiations

with respect to concentration and xA
/ and xB

/ are determined by using
Eq. (1). xApB/ is determined using the Eq. (4) and the condition d lnk

dC ¼ 0
[27,28]. It may be noted that the factor (1+pxApB)−1 which appears
as a coefficient of all terms containing xA,xBand xApB in the Eqs. (5),
(9) and (10), is a result of the change in the basis for expressing
mole fractions of species A, B and ApB from that used for x1 and x2.

The SCC(0) can be directly determined using Eq. (8b) [29]. This is
usually considered as the experimental value.

In order to quantify the degree of local order in the liquid alloy,
Warren-Cowley short-range parameter α1 [30,31] can be estimated
from the knowledge of concentration–concentration structure factor
S CC(q) and the number-number structure factor SNN(q). However,
in most diffraction experiments these quantities are not easily mea-
surable for all kinds of binary liquid alloy. On the other hand α1 can
be estimated from the knowledge of SCC(0) [32,33]

α1 ¼ S−1
S Z−1ð Þ þ 1

; S ¼ SCC 0ð Þ
SidCC 0ð Þ ; S

id
CC ¼ x1x2 ð11Þ

where Z is coordination number and Z=10 is taken for our calcula-
tion. We note that varying the value of Z does not have any effect
on the position of the minima of α1; the effect is to vary the depth
while the overall feature remains unchanged.

The mixing behaviour of the alloys forming molten metals can also
be studied at the microscopic level in terms of the coefficient of diffu-
sion. The SCC(0) and diffusion coefficients can be related using Darken
thermodynamic equation for diffusion [34,35] as follows,

DM

Did
¼ x1x2

SCC 0ð Þ ð12Þ
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