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A correlative study of the bulk and surface properties of the ternary Ag–Sn–Zn liquid alloys
has been undertaken by extending the descriptions of concerned binaries (Ag–Sn, Sn–Zn, and
Ag–Zn), obtained from statistical mechanical theory in the frame-work of quassi-lattice
approximations. An improved model, in which the selection of binary compositions involves
the correlation of one particular component with other components of the ternary system, has
been used to compute the free energy of mixing of Ag–Sn–Zn system. The concentration
dependence of the surface tension and surface composition has been explained by obtaining
expression for the activity coefficients and extending the surface description of binary systems.
It is worth mentioning that same set of interaction energies as those used for the bulk and
surface calculations of the concerned binaries has been used to investigate the concentration
dependence of free energy of mixing, surface tension (�) and surface composition of the ternary
system. The theoretical investigation of binary systems suggest the presence of short range
order in Ag–Sn and Ag–Zn systems leading to the formation of intermetallic compounds
(Ag3Sn in Ag–Sn and AgZn in Ag–Zn) in the melt. Sn–Zn system is characterized by the
existence of diatomic tin in the melt. The concentration dependence of the free energy of mixing
of Ag–Sn–Zn system for three cross section (Ag : Sn¼ 1 : 1, 1 : 3 and 3 : 1) has been
clearly explained by our theoretical model. There is slight decrease in � for Ag : Sn¼ 1 : 1 up
to xZn� 0.4 whereas sharp decrease up to 50% Zn is observed in case of Ag : Sn¼ 3 : 1. The �
for Ag : Sn¼ 1 : 3 remains almost constant up to xZn� 0.25. The surfaces of Ag–Sn–Zn
system for all three cross section (Ag : Sn¼ 1 : 1, 1 : 3 and 3 : 1) are quite enriched with Sn-atoms.
The degree of segregation is lowest in Ag : Sn¼ 3 : 1.

Keywords: Ag–Sn–Zn liquid alloys; Surface tension; Surface segregation; Geometrical models;
Sn-based liquid alloys

1. Introduction

Owing to experimental complexities, the data for the thermodynamic and structural
properties of multicomponent systems is very scarce. In view of these limitations,
attempts [1–4] are being made to understand the alloying behavior in such systems
by using theoretical models. A theoretical approach not only helps in describing
the anomalous mixing behavior of multicomponent systems, but also generates data.
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All the geometrical models [5–9] used for the calculation, which are based on the
different modes of selection of binary compositions are extension of mixing properties
of concerned binaries with assigned probability weight, but all these models suffer with
some limitations [2]. Some models do not reduce to limiting form in case of two
components being similar. On the other hand, many models require human interference
in fixing the edges of the polyhedron by suitable element. So no model can be regarded
as complete and universal from an applicability point of view. Keeping these limitations
in mind, an attempt has been made to improve the model by incorporating the
correlation of one component with all other components of the multi-component
system in the selection of binary compositions. It is observed that this approach not
only overcomes the problems discussed before but also gives better results. Though
some progress in the field of bulk properties [1–5] has been made in recent years, the
understanding of the surface phenomenon in these systems is still rather unexplored.
In order to have clear picture of multi-component systems, one requires to undertake
the theoretical investigation of bulk as well as surface properties by extending the
descriptions of concerned binaries through an improved geometrical model and
establish a correlation between them. In recent years, emphasis is being laid to
investigate Sn-based alloys so as to find a suitable substitute [9–15] for conventional
solder alloys, Sn0.6Pb0.4, since it became known that lead has hazardous effect and
environmental concerns. Of all non-lead systems, the melting temperature of Sn–Zn
system [16] is very close to the eutectic temperature of Sn–Pb. But Zn is well known
for the problems related to wettability and corrosion and very liable to oxidation.
On the other hand, Ag–Sn system [17,18], though having higher melting temperature
exhibits chemical short range order. With the view to investigate the effect of zinc on the
alloying behavior of Ag–Sn system and overall change in the properties of Sn–Zn
system, we have chosen Ag–Sn–Zn system for the investigation.

The grand partition function for the binary systems has been solved [18,19] in
the framework of quassi-lattice approximations [20–22] to obtain expressions for
thermodynamic functions and surface tension for different types of binary liquid alloys.
The expressions have been used to investigate the bulk and surface properties of binary
systems. The descriptions of binary systems have been extended [3,23] to Ag–Sn–Zn
liquid alloys to investigate the bulk and surface properties.

Theoretical formalism for different types of binaries has been presented in section 2,
while section 3 deals with the ternary system. Results and discussion has been given
in section 4 and we have concluded in section 5.

2. Theoretical formalism for binary liquid alloys

2.1. Free energy of mixing and activity coefficient

Various expressions for free energy of mixing and activity coefficients for binary
liquid alloys may be obtained by solving the grand partition function in the framework
of quassi-lattice approximations.

2.1.1. Compound formation (CF) model. In compound formation (CF) model [18–20],
it is assumed that component elements A and B of the binary alloy A–B might arrange
preferentially to form chemical complexes, A�B�ð�Aþ �B.A�B�; � and � are
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small integers) in the liquid state. The solution of the grand partition function is based

on the assumption [20] that the energy of a given nearest neighbour bond in case of

compound formation will be different from that of regular solution. If "ij is the energy
of i–j bond for regular solution then the energy in case of compound formation will be

"ijþPij�"ij. �"ij is the measure of the difference of the energy of i–j bond when one of

the bond forming components (i or j) is a part of complex, A�B�. Pij denotes the

probability of finding i–j bond as a part of complex.
After doing some algebra, one obtains an expression for the ratio of activity

coefficients, � (¼�A/�B where �A and �B are activity coefficients of component A and B,

respectively) in terms of concentration, C of the component A as

ln � ¼
1

2
Z ln

ð1� CÞð�þ 2C� 1Þ

Cð�� 2Cþ 1Þ

� �
þ
1

2
KBTðPAA�wAA � PBB�wBBÞ þ I ð1Þ

Z is the coordination number and I is a constant independent of concentration but

may depend upon temperature and pressure. It is determined by solving
R 1

0 ln � dC ¼ 0.

KB and T refer to Boltzman’s constant and absolute temperature, respectively.

�wij (¼Z�"ij) is the additional interaction energy terms in CF model. The probability

Pij is given as

PAB ¼ C��1ð1� CÞ��1 2� C��1ð1� CÞ��1
� �

ð2aÞ

PAA ¼ C��2ð1� CÞ� 2� C��2ð1� CÞ�
� �

; � � 2 ð2bÞ

PAB ¼ C�ð1� CÞ��2 2� C�ð1� CÞ��2
� �

; � � 2 ð2cÞ

� has been set as

� ¼ ½1þ 4Cð1� CÞð�2 � 1Þ�1=2 ð3Þ

with

� ¼
ð�AA�BBÞ

1=2

�AB
ð4Þ

�ij stands for

�ij ¼ exp
�ð"ij þ Pij�"ijÞ

KBT

� �
ð5Þ

Equations (4) and (5) give � as

�2 ¼ exp
2w

ZKBT

� �
exp

2PAB�"AB � PAA�"AA � PBB�"BB
KBT

� �
ð6Þ

where w, generally termed as order energy in regular solution theory is given as

Z("AB� (1/2)"AA� (1/2)"BB).
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On using standard thermodynamic relation between � and excess free energy of

mixing, Gxs
Mð¼ðGM � Gid

MÞ; GM is the free energy of mixing and Gid
M denotes ideal

free energy of mixing),

Gxs
M ¼ NKBT

Z C

0

ln � ð7Þ

one obtains analytical expressions for Gxs
M and activity coefficients (�A and �B) as

Gxs
M ¼ N½w’þ�wAB’AB þ�wAA’AA þ�wBB’BB� ð8Þ

KBT ln �A ¼ w� þ�wAB�AB þ�wAA�AA þ�wBB�BB ð9aÞ

KBT ln �B ¼ wgþ�wABgAB þ�wAAgAA þ�wBBgBB ð9bÞ

’ij, �ij and gij are functions of concentration and depend upon the set of � and �.
For �¼ 3 and �¼ 1, these are

’ ¼ Cð1� C Þ ð10aÞ

’AB ¼
1

5
Cþ

2

3
C3 � C4 �

1

5
C5 þ

1

3
C6 ð10bÞ

’AA ¼ �
3

20
Cþ

2

5
C3 �

3

4
C4 þ

2

5
C5 �

1

6
C6 ð10cÞ

/BB ¼ 0 ð10dÞ

� ¼ ð1� CÞ2 ð11aÞ

�AB ¼
1

5
þ 2C2 �

16

3
C3 þ 2C4 �

14

5
C5 �

5

3
C6 ð11bÞ

�AA ¼ �
3

20
þ 2C2 �

13

3
C3 þ

17

4
C4 �

13

5
C5 þ

5

6
C6 ð11cÞ

�BB ¼ 0 ð11dÞ

g ¼ C2 ð12aÞ

gAB ¼ �
4

3
C3 þ 3C4 þ

4

5
C5 �

5

3
C6 ð12bÞ
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gAA ¼ �
4

3
C3 þ

9

4
C4 �

8

5
C5 þ

5

6
C6 ð12cÞ

gBB ¼ 0 ð12dÞ

If likely chemical complexes to be formed are of AB type (�¼ �¼ 1) then equation (2)
gives PAB¼ 1 and PAA¼PBB¼ 0 and equation (6) for �2 becomes

�2 ¼ exp
2ðwþ Z�"ABÞ

ZKBT

� �
ð13Þ

and ln � (equation (1)) becomes

ln � ¼
Z

2

� �
ln

ð1� CÞð�þ 2C� 1Þ

Cð�� 2Cþ 1Þ

� �
ð14Þ

Generally, Gxs
M and activity coefficients (�A and �B) for such type of alloys are

expressed as

Gxs
M ¼

Z

2
NKBT ½C ln �A þ ð1� CÞ ln �B� ð15Þ

with

ln �A ¼
Z

2
ln

�þ 2C� 1

Cð�þ 1Þ

� �
ð16aÞ

ln �B ¼
Z

2
ln

�� 2Cþ 1

ð1� C Þð�þ 1Þ

� �
ð16bÞ

It will be proper to mention that in case of no compound formation, i.e. regular
solution, all probability terms and �"ij become zero. Equations (15) and (16) remain
same but �2 becomes exp[2w/ZKBT ]. This corresponds to regular solution theory.

2.1.2. Self-associating (SA) mixtures. Demixing behavior of many binary liquid alloys
which do not exhibit size mismatch effect can be explained by assuming that polyatomic
clusters [22] (iA.Ai, jB.Bj; i and j being the number of atoms in the cluster of A and
B type matrix, respectively) might exist in the melt. Existence of polyatomic clusters
is due to self-association of component atoms. For such type of SA mixtures, Gxs

M and � i
are given as

Gxs
M ¼ NKBT C ln

	

C
þ ð1� CÞ ln

1� 	

1� C

� �
þ
	ð1� 	Þð jþ Cði� jÞÞw

KBT

� �
ð17Þ

ln �A ¼ 1þ lnð	=CÞ � ð	=CÞ þ
ð1� 	Þ2iw

KBT
ð18aÞ

ln �B ¼ ln
1� 	

1� C

� �
þ
	ði� jÞ

i
þ
	2jw

KBT
ð18bÞ
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with

	 ¼
iC

ð jþ Cði� jÞÞ
ð19Þ

w is the order energy.

2.2. Surface tension and surface composition

A general expression for the surface tension of binary liquid alloys may be obtained by
constructing a grand partition function [18,21] for the surface and solving it in the
framework of quassi-lattice approximations. These are given as

� ¼ �A þ ðKBT=
Þ lnðC
s=CÞ þ ðKBT=
Þ lnð�

S
A=�AÞ ð20aÞ

¼ �B þ ðKBT=
Þ lnðð1� C sÞ=ð1� CÞÞ þ ðKBT=
Þ lnð�
s
B=�BÞ ð20bÞ

where �i (i¼A,B) is the surface tension of pure components and 
 is mean atomic
surface area. Cs and �s

i (i¼A or B) refer to the surface concentration of component A
and activity coefficient of ith component at the surface, respectively. Various
expressions for � may be obtained for different types of alloys if one has proper
analytical expressions for � i and �s

i .
In view of the absence of analytical expression for �s

i , it is assumed that it is related
with �i through the relation

ln �s
i ¼ p ln ��

i þ q ln �i ð21Þ

where ln ��
i ! ln �i containing Cs in place of C. p and q, usually termed as surface

coordination fractions, are fractions of total number of nearest neighbours made by
an atom within the layer in which it lies and in the adjoining layers, respectively, so that
pþ 2q¼ 1. For closed packed structure, one has p¼ 1/2 and q¼ 1/4.

2.2.1. CF alloys. On using equations (9), (11) and (12) in equation (20) in conjunction
with equation (21), we get an expression for the surface tension for CF alloys, for �¼ 3
and �¼ 1 as

� ¼ �A þ ðKBT=
Þ
�
lnðC s=CÞ þ ðw=KBT Þ

	
pð�s � �Þ � q�g

þ ð�wAB=KBT Þ f pð�sAB � �ABÞ � q�ABg þ ð�wAA=KBT Þ
	
pð�SAA � �AAÞ � q�AA


�
ð22aÞ

¼ �B þ ðKBT=
Þ
�
lnfð1�C sÞ=ð1� CÞg þ ðw=KBT Þf pðgs � gÞ � qgg

þ ð�wAB=KBT Þ p gSAB � gAB

� �
� qgAB

	 

þ ð�wAA=KBT Þ pðgSAA � gAAÞ � qgAA

	 
�
ð22bÞ

where �, �ij, g and gij are given by equations (11) and (12). �s, �sij, gs and gsij are
functions of surface concentration Cs with the same form as that of equations (11)
and (12).
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Application of equation (16) in equation (20) in conjunction with equation (21) give

expression for the surface tension for �¼ 1 and �¼ 1,

� ¼ �A þ ðKBT=
Þ lnðC
s=CÞ þ ðZKBT=2
Þ p ln ð�s þ 1� 2C sÞ=ðC sð1þ �sÞÞ

	 
�

þðq� 1Þ ln ð�þ 1� 2CÞ=ðCð1þ �ÞÞ
	 
�

ð23aÞ

¼ �B þ ðKBT=
Þ lnð1�CsÞ=ð1�CÞ þ ðZKBT=2
Þ p ln ð�s � 1þ 2CsÞ=ðð1�C sÞð1þ �sÞÞ
	 
�

þ ðq� 1Þ ln ð�� 1þ 2CÞ=ðð1�CÞð1þ �ÞÞ

	 �

ð23bÞ

� is already defined by equation (3) whereas �s is given by

�s ¼ 1þ 4C sð1� C sÞð�2 � 1Þ
� �1=2

ð24Þ

� in this case is given by equation (13).

2.2.2. SA alloys. Equations (18), (20) and (21) give � for self-associating mixtures as

� ¼ �A þ ðKBT=
Þ
�
lnðC s=CÞ þ p lnðC	s=C s	Þ þ ð	C s � 	sCÞ=CC s

	 


þ qflnðC=	Þ þ ð	�CÞ=CÞg þ ðiw=KBT Þ
	
pð1� 	sÞ

2
þ ðq� 1Þð1� 	Þ2


�
ð25aÞ

¼ �B þ ðKBT=
Þ
�
lnfð1�C sÞ=ð1�CÞg þ pflnðð1�CÞð1� 	sÞ=ð1�C sÞð1� 	ÞÞ

þ ði� jÞð	s � 	Þ=ig � qflnfð1� 	Þ=ð1�CÞg þ 	ði� jÞ=ig þ ð jw=KBT Þ
	
p	s2 þ ðq� 1Þ	2


�

ð25bÞ

	 is already defined by equation (19). 	s is expressed in terms of Cs in equation (19).

3. Geometrical model for ternary system

It is clear from the literature [2,5–9] that all geometrical models for the multicomponent

systems are based on the assumption that thermodynamic properties of mixing can

be expressed as a combination of concerned binaries with an assigned probability

weight, i.e.

�Gxs ¼
X
ij

WijG
xs
ij ð26Þ

where �Gxs and Gxs
ij are excess free energy of mixing of the multicomponent system and

binary i–j respectively. Wij refers to assigned probability weight, given as

Wij ¼
xixj

Xiði,jÞXjði,jÞ
ð27Þ
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where xi and xj are compositions of i and jth component of multicomponent systems.

Xi(i, j) is the composition of ith component in binary system i–j. Xi(i, j) is generally

expressed as

Xiði,jÞ ¼
1þ xi � xj

2

� �
� �ij ð28Þ

�ij is a parameter. Different existing models are characterized by different values for �ij.
For example, �ij¼ 0 refers to Moggiannu model [6]. When �ij¼ (xi�xj)(1� xi� xj)/2

(xiþ xj), the model corresponds to Kohler’s model [5].

3.1. Free energy of mixing

In Kohler’s model [5], excess free energy of mixing, �Gxs of the ternary system is

expressed as

�Gxs ¼ ðx1 þ x2Þ
2Gxs

12 þ ðx2 þ x3Þ
2Gxs

23 þ ðx3 þ x1Þ
2Gxs

31 ð29Þ

As discussed in detail in section 1, no existing model can be regarded as complete model

from an applicability point of view. An improved model [1] that incorporates the impact

of other components (k) of the ternary system on the selection of binary composition,

gives

Xiði,jÞ ¼ xi þ xk�ij ð30Þ

�ij is similarity coefficient between the components (i and j) of the binary i–j and

expressed through a correlative term, �i(ij, ik) as

�ij ¼
�iðij,ikÞ

�iðij,ikÞ þ �jð ji,jkÞ
ð31Þ

The correlation of ith component with other components ( j and k) of the ternary system

is described by �i(ij, ik). It is expressed in terms of excess free energy of mixing of two

binaries, i.e. i, j and i, k by using deviation square sum rule.

�iðij,ikÞ ¼

Z Xi¼1

Xi¼0

ðGxs
ij � Gxs

ik Þ
2dXi ð32Þ

where Xi is the binary composition of ith component in two binaries, i.e. ij and ik.

The similarity of two components of the ternary system can be easily understood from

the magnitude of correlative term, �i(ij, ik).
For j being similar to kth component

�iðij,ikÞ ! 0 otherwise �iðij,ikÞ > 0 and �ij ¼ 0:

For kth component being similar to ith component

�jð ji,jkÞ ! 0 otherwise �jð ji,jkÞ > 0 and �ij ¼ 1:

A small value of �ij indicates the similarity of k and jth components while large value

refers to the similarity of i and kth components.
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Application of binary expressions for Gxs
ij for Z¼ 10 [equations (8), (15) and (17)]

in equation (32) give correlative terms as

�1ð12,13Þ ¼

Z X1¼1

X1¼0

N2K2
BT

2
�	
ðw12=KBT ÞX1ð1� X1Þ

þ ð�w12=KBT Þðð1=5ÞX1 þ ð2=3ÞX3
1 � X4

1 � ð1=5ÞX5
1 þ ð1=3ÞX6

1Þ



� ðZ=2Þ X1 lnfð�13 � 1þ 2X1Þð1� X1Þ=ðX1ð�13 þ 1� 2X1ÞÞ
	

g

þ ln
	
ð�13 þ 1� 2X1Þ=ðð1� X1Þð1þ �13ÞÞ



�2
dX1 ð33aÞ

�2ð21,23Þ ¼

Z X2¼1

X2¼0

N2K2
BT

2
�	
ðw12=KBTÞX2ð1� X2Þ

þ ð�w12=KBT Þðð4=5ÞX2 � X2
2 � ð4=3ÞX3

2 þ 3X4
2 � ð9=5ÞX5

2 þ ð1=3ÞX6
2Þ



�
	
X2 ln iþ

	
ð1� X2Þ ln j� lnð jþ ði� jÞX2Þ

þ ijX2ð1� X2Þðw23=KBT Þ=ð jþ ði� jÞX2Þ

�2

dX2 ð33bÞ

�3ð31,32Þ ¼

Z X3¼1

X3¼0

N2K2
BT

2
�
ðZ=2Þ X3 ln ð�31 � 1þ 2X3Þð1� X3Þ=ðX3ð�31 þ 1� 2X3ÞÞ

	 
	

þ ln
	
ð�31 þ 1� 2X3Þ=ðð1� X3Þð1þ �31ÞÞ




� ð1� X3Þ ln iþ X3 ln j� lnði� X3ði� jÞÞ
	

þ ijX3ð1� X3Þðw23=KBT Þ=ði� X3ði� jÞÞÞ

�2

dX3 ð33cÞ

Gxs
M for SA mixtures [equation (17)] has been transformed in terms of i and j which are

already defined. �ij appearing in above equations refer to i–j binary and is given by

equation (3).
The concentration terms C (concentration of ith component of binary i–j) have been

replaced byX1,X2 andX3. Above equations for �i(ij, ik) can be used to calculate the values

of similarity coefficients (�12, �23 and �31) for the ternary system through equation (31).
One may get an expression for excess free energy of mixing, �Gxs for the ternary

system by using binary expressions for Gxs
M [equations (8), (15) and (17)] in equations

(26), (27) and (30). This is given as

�Gxs ¼ NKBT ½ðx1x2=f ð1� f ÞÞfw12 fð1� f Þ þ�w12 f1g

þ ðx2x3=f2ð1� f2ÞÞf f2 lnð2=ð1þ f2ÞÞ � ð1� f2Þ lnð1þ f2Þ þ 2f2ð1� f2Þw23=ð1þ f2Þg

þ ðx3x1=f3ð1� f3ÞÞðZ=2Þf f3 lnð f4ð1� f3Þ þ 1Þ þ ð1� f3Þ lnð f3f4 þ 1Þ

� lnð f3f4ð1� f3Þ þ 1Þg� ð34Þ
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where

f ¼ x1 þ x3�23

f1 ¼ ð1=5Þfþ ð2=3Þf 3 � f 4 � ð1=5Þf 5 þ ð1=3Þf 6

f2 ¼ x2 þ x1�12

f3 ¼ x3 þ x2�31

f4 ¼ Kð1� Kf3ð1� f3ÞÞ

with

K ¼ exp½ð2w31=ZKBT Þ � 1�



ð35Þ

w12 and �w12 are interaction energy parameters for CF binary alloys for 3 : 1 type

(�¼ 3 and �¼ 1) compounds in the melt. w23 and w31 refer to order energies for SA and

CF alloys for 1 : 1 type (�¼ 1 and �¼ 1) compounds, respectively.
The activity coefficients (� i) and �Gxs of the multicomponent systems are related

through the relation [3,23]

RT ln �i ¼ �Gxs þ
Xm
j¼2

ð�ij � xjÞð@�Gxs=@xjÞ ð36Þ

where �ij is Kronecker’s symbol with the condition,

�ij ¼ 0 if i 6¼ j and �ij ¼ 1 if i ¼ j:

For ternary system above relation reduces to

RT ln �1 ¼ �Gxs þ x2ð@�Gxs=@x2Þ � x3ð@�Gxs=@x3Þ ð37Þ

RT ln �2 ¼ �Gxs þ ð1� x2Þð@�Gxs=@x2Þ � x3ð@�Gxs=@x3Þ ð38Þ

RT ln �3 ¼ �Gxs � x2ð@�Gxs=@x2Þ þ ð1� x3Þð@�Gxs=@x3Þ ð39Þ

On using equations (34), (37) and (39), one obtains analytical expressions for � i of
ternary system. These are

ln�1 ¼ x2w12ð1�x1Þþx2�w12fð f1=ð f ð1� f ÞÞ�x1Pg

þx2x3ð�23� 1Þðln2Þ=
�
ð1� f2Þ

2
�
þx2x3f f2ð f2� 2�23Þþ �23gflnð1þ f2Þg=

�
f 22 ð1� f2Þ

2
�

þx2x3ð f2� �23Þ=f2ð1� f2Þ
2
� 2x2x3w23ð1þ �23Þ=ð1þ f2Þ

2

þðZ=2Þ
�
f3ðP4�P1P2�P3Þþx2x3ð1� �31Þflnð f4ð1� f3Þþ 1Þg=ð1� f3Þ

2

þðx3�x2ðx3�x2ÞÞflnð f3f4þ 1Þg=f3

þ
	
f3ðx1x3ð1þ 2f3Þ� ð1� f3Þ x

2
2þx23� 2x1x

2
3

� �
�
ln
	
f3f4ð1� f3Þþ 1gÞ=

�
f 23 ð1� f3Þ

2
��

ð40Þ
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ln �2 ¼ x1w12ð1� x2Þ þ x1�w12=ðð1� f ÞÞfx2fPþ f1x3 ð1� �12Þ=ð fð1� f ÞÞg

þ x3ðln 2Þ=ð1� f2Þ þ x3 x2ð f
2
2 � x2Þ � x1�23ð1� x1�23Þgflnð1þ f2Þ

	 

= f 22ð1� f2Þ

2
� �

� x2x3=ð f2ð1þ f2ÞÞ þ 2x3w23ð1� x2 þ x1�23Þ=ð1þ f2Þ
2

þ ðZ=2Þ½ð f3 � �31ÞðP4 � P1P2 � P3Þ þ x1x3ð1� �31Þflnð f4ð1� f3Þ þ 1Þg=ð1� f3Þ
2

þ f3ð1� x2Þðx3 � x2Þ � x1x3�31

	

lnð f3 f4 þ 1Þ
	 


=f 2
3

þ x1x3ð f3 � �31Þð2f3 þ 1Þ þ f3ð1� f3Þðx2 � x22 � x23Þ
	 

� lnf f3f4ð1� f3Þ � 1g

�
=ð f 2

3 ð1� f3Þ
2

� ��
ð41Þ

ln �3 ¼ �x1x2w12 þ ðx1x2�w12=ð1� f ÞÞfPð f� �12Þ þ ð f1ð�12 � 1Þ=ð fð1� f ÞÞg

þ x1x2ð1� �23Þðln 2Þ=ð1� f2Þ
2
þ x2fx3f2ð f2 � �23Þ þ x2ð1� x2Þð2�23 � 1Þ

� x1�23ð1� �23ðx1 þ 2x3ÞÞgflnðð1þ f2Þg= f 22 ð1� f2Þ
2

� �
þ x2x3=ð1� f2Þ

2

þ 2x3w23ðx1 þ x2 þ f2Þ=ð1þ f2Þ
2
þ ðZ=2Þ½ð1� f3ÞðP1P2 þ P3 � P4Þ

þ x1flnð f4ð1� f3Þ þ 1Þg=ð1� f3Þ þ x2fx1�31 � f3ðx3 � x2Þgflnð f3 f4 þ 1Þg=f 2
3

þ fx1x2�31Þð1þ 2f3Þ � ð1� x3Þf f3ð1� f3ð1� x3Þ � x1x3ð1� 2f3Þgg

� fln ð f3f4ð1� f3Þ þ 1Þg=
�
f 2
3 ð1� f3Þ

2
��

ð42Þ

where

P ¼ �ð4=3Þfþ 3f 2 þ ð4=5Þf 3 � ð5=3Þf 4

P1 ¼ x1x3K=ð f3f4 þ 1Þð1� f3Þ

P2 ¼ Kf3ð4� 3f3Þ � K� 1

P3 ¼ x1x3Kf1� Kf3ð2� 3f3Þg=f3ð f3f4 þ 1Þ

P4 ¼ x1x3Kf1� 2f3ðKþ 1Þ þ 2Kf 2
3 ð3� 2f3Þg=f3ð1� f3Þð f3f4ð1� f3Þ þ 1Þ

ð43Þ

All ‘f ’ terms have been already defined by equation (35).

3.2. Surface tension and surface segregation

Surface tension of ternary system can be expressed in the form of three simultaneous

equations by extending surface description of the binary systems [equation (20)]. This is
given as

� ¼ �1 þ ðKBT=
Þlnðx
s
1=x1Þ þ ðKBT=
Þlnð�

s
1=�1Þ ð44aÞ

¼ �2 þ ðKBT=
Þlnðx
s
2=x2Þ þ ðKBT=
Þlnð�

s
2=�2Þ ð44bÞ

¼ �3 þ ðKBT=
Þlnðx
s
3=x3Þ þ ðKBT=
Þlnð�

s
3=�3Þ ð44cÞ
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where �1, �2 and �3 are the surface tension of pure components comprising ternary
system. �s

i (i¼ 1, 2, 3) is the activity coefficient of ith component at the surface.
Analytical expression of �s

i may be obtained by using equation (21) for the binary
system. One may obtain surface tension and surface composition for the ternary system
as a function of bulk concentration by using equations (40–42) in simultaneous
equation (44) and solving it numerically.

4. Results and discussion

4.1. Binary systems comprising Ag–Sn–Zn liquid alloys

Large negative excess free energy of mixing (Gxs
M) values and phase diagrams [17] of

Ag–Sn and Ag–Zn systems led us to treat them as compound forming (Ag3Sn in Ag–Sn
and AgZn in Ag–Zn) systems. On the other hand, Sn–Zn system is simple eutectic
mixture and does not have large negative Gxs

M. In this case, it is assumed that diatomic
clusters (Sn2) exist in the melt.

4.1.1. Ag–Sn and Ag–Zn systems. Equations (8) and (15) have been used to calculate
free energy of mixing, GMð¼Gxs

M þ Gid
M;Gid

M being ideal free energy of mixing) of Ag–Sn
(at T¼ 1250K) and Ag–Zn (at T¼ 1023K) liquid alloys, respectively. Required inputs
for the calculation are interaction energy parameters. These have been set as

For Ag�Sn w ¼ 0:798 KBT, �wAB ¼ �3KBT and �wAA ¼ 0

For Ag�Zn wþ Z�"AB ¼ �2:065 KBT

GM versus CAg along with respective experimental points [17] have been presented in
figure 1. Theory agrees well with the experiment [17] in both cases. Larger values of GM
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Figure 1. Free energy of mixing (GM) for Ag–Sn and Ag–Zn liquid alloys. Ag–Sn system at T¼ 1250K:
(——) theory, (œœœœ) reference [17]; Ag–Zn system at T¼ 1023K: (� � � � � � � � �) theory,
(����) reference [17].
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with almost symmetrical behavior suggest the existence of 1 : 1 compound (AgZn) in the
melt of Ag–Zn while asymmetrical nature of the graph with minima around CAg¼ 0.6 is
indicative of the presence of 3 : 1 (Ag3Sn) compounds in Ag–Sn system. In order to
understand surface phenomenon in both systems, we have calculated surface tension (�)
and surface composition (C s

i ) via equations (22) and (23) by using same set of
interaction energy parameters, as those used for the calculation of GM. The surface
tension values for the pure components have been taken from Smithell’s metal reference
book [24]. The mean atomic surface area, 
 has been calculated from the relation [25]
(
¼ 1.12N�2�2/3; � is the molar volume of the alloy). In view of unavailability of
experimental values, we have taken linear values for the volume of the system. The
computed values of � for both the systems have been given in figure 2 along with
experimental points [26] wherever available. There is good agreement between theory
and experiment [26] in case of Ag–Sn system. However, we could not compare our
theoretical results for Ag–Zn system for want of experimental values. An increase in �
for both systems is observed with the increase of the concentration of Ag-component.
The � for Ag–Sn is lower than the ideal values at all concentrations while Ag–Zn system
exhibits almost ideal behavior. Variation of surface concentration for both the systems
has been depicted in figure 3. The surface of Ag–Sn system is quite enriched with
Sn-atoms while Ag–Zn system exhibits the segregation of Zn atoms at the surface.
This might be happening due to surface tension effect.

4.1.2. Sn–Zn system. GM of Sn–Zn liquid alloys at T¼ 900K has been calculated by
using equation (17) whereas simultaneous equation (25) have been solved numerically
to obtain surface tension (�) and surface composition (C s

i ) as a function of bulk
composition. Required input parameters for the calculation are ordering energy (w),
mean atomic surface area (
) and surface tension values for the pure components (�i).
w has been fixed as equal to 0.648 KBT and 
 has been calculated following the
procedure as described for Ag–Sn and Ag–Zn systems. The �i has been taken from
Smithell’s metal reference book [24]. Following the assumption that Sn2 atoms exist in
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Figure 2. Surface tension (�) for Ag–Sn and Ag–Zn liquid alloys. Ag–Sn system at T¼ 1250K:
(——) theory, (����) reference [26]; Ag–Zn system at T¼ 1023K: (� � � � � �) theory.
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the melt, we have taken i¼ 2 and j¼ 1. It is clear from figures 4 and 5 that computed

values of GM as well as � agree well with the experimental points [17,27]. As regards

experimental values of GM, Hultgren et al. [17] have given the values at T¼ 750K. In

view of the temperature (T¼ 900K) of Ag–Sn–Zn system to be investigated, we took

the temperature of Sn–Zn system equal to that. Since the entropy [17] of Sn–Zn system

was found to be temperature independent, recalculations were done for T¼ 900K and

obtained values were used for the comparison. Reproduction of experimental points

by our model substantiates the assumption of the existence of diatomic tin in the melt.
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Figure 4. Free energy of mixing (GM) for Sn–Zn liquid alloy at T¼ 900K: (——) theory,
(iiii) reference [17].
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Figure 3. Surface composition (Ci
s) of concerned binaries of Ag–Sn–Zn liquid alloy. C s

Sn vs. CSn for Ag–Sn
system at T¼ 1250K: (- - - -), C s

Sn vs. CSn for Sn–Zn system at T¼ 723K: ( ), C s
Zn vs. CZn for Ag–Zn

system at T¼ 1023K: (———) and (� � � � � �) ideal values.
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The � of Sn–Zn alloy (figure 5) decreases with the increasing concentration of
Sn-component, decrease being steeper up to 20% Sn. There is reasonable agreement
between theory and experiment [27]. Our theoretical investigation suggests the
segregation of Sn-atoms to the surface (figure 3). Of all binaries of Ag–Sn–Zn systems,
Sn–Zn and Ag–Sn exhibits the segregation of Sn-atoms at the surface while in case of
Ag–Zn, the segregation of Zn atoms is noticed. The degree of segregation of Sn-atoms
in Sn–Zn liquid alloys is higher as compared to Ag–Sn system.

4.2. Ag–Sn–Zn liquid alloys

The free energy of mixing (�GM) of ternary Ag–Sn–Zn liquid alloys at T¼ 900K has
been calculated via equation (34) for three cross section with constant Ag to Sn ratio,
i.e. Ag : Sn¼ 1 : 1, 1 : 3, and 3 : 1. The calculation requires interaction energy parameters
of concerned binaries (Ag–Sn, Sn–Zn and Ag–Zn). In view of difference in the
temperature of investigation of the ternary system and some concerned binaries such
as Ag–Sn and Ag–Zn, we have made slight change in the magnitude, which are
comparable to the values taken for binary investigation. Assuming Ag� 1, Sn� 2 and
Zn� 3, these are given as

w12 ¼ 0:928KBT

�w12 ¼ �2:87KBT

w23 ¼ 0:648KBT

w31 ¼ �1:765KBT

The similarity coefficients (�ij) and correlative terms �i(ij, ik) required for the computation
have been calculated through equations (31) and (33). It will be proper to mention
that expressions for �i(ij, ik) involves the expression of Gxs

M for the concerned binaries,
i.e. i–j and i–k, which have been taken from section 2. These are

�1ð12,13Þ ¼ 271241:9, �2ð23,21Þ ¼ 310428:8 and
�12 ¼ 0:4663152, �23 ¼ 0:3349614 and

�3ð31,32Þ ¼ 616331
�31 ¼ 0:6944004
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Figure 5. Surface tension (�) for Sn–Zn liquid alloy at T¼ 723K: —— theory, (œœœœ) reference [27].
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The correctness of these values has been checked through the following relation

�12�23�31 ¼ ð1� �12Þð1� �23Þð1� �31Þ ¼ 0:1084636

The computed values of �GM have been presented in figure 6 along with

experimental points [28]. It is clear from figure 6 that theoretical model reproduces

the experimental observation. �GM becomes less negative in the order of

Ag : Sn¼ 3 : 1!Ag : Sn¼ 1 : 1!Ag : Sn¼ 1 : 3. In order to have complete picture of

alloying in this system, we also investigated the concentration dependence of the surface

tension (�) and surface compositions (xsi ) by using equations (40–44) in conjunction

with equation (21). Linear values for the molar volume of the ternary system have been

taken for the calculation of mean atomic surface area, 
. Same set of interaction

energies as those used for the calculation of bulk properties has been used for the

calculation of surface properties. Numerical solutions of simultaneous equations

(44a–c) not only give � but also surface concentration (xsi ). The computed values of �
for all the cross sections (Ag : Sn¼ 1 : 1, 1 : 3 and 3 : 1) have been presented in figure 7.

For want of experimental values, our results could not be compared. The � for the cross

section Ag : Sn¼ 1 : 1 decreases slightly up to xZn� 0.4 and then increases with the

increase of Zn-component. But no appreciable change in � for Ag : Sn¼ 1 : 3 is observed

up to 25% Zn. Less values of � and sharp decrease in it up to xZn� 0.5 make Ag–Sn–Zn

system with cross section 3 : 1 different from other cross sections, i.e. 1 : 1 and 1 : 3.

The surface of Ag–Sn–Zn system for all cross section (figure 8) is quite enriched with

Sn-atoms. Of all cross sections, Ag : Sn¼ 3 : 1 exhibits less segregation of tin to the

surface. For comparison sake, x s
Zn versus xZn has been plotted in figure 9. Decrease in

the concentration of Zn at the surface has been observed for all bulk concentrations.

Addition of Zn to binary Ag–Sn system causes further increase in the concentration of

Sn-atoms to the surface and depletion of Zn-atoms.
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Figure 6. Free energy of mixing (�GM) for Ag–Sn–Zn liquid alloy at T¼ 900K for three cross
section of constant Ag to Sn ratio: For Ag : Sn¼ 1 : 3 (- - - - -) theory, (	 	 	 	) reference [28]; for
Ag : Sn¼ 1 : 1 (——) theory, (œœœœ) reference [28] and for Ag : Sn¼ 3 : 1 (� � � � � �) theory, (����)
reference [28].
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5. Conclusion

Our theoretical investigation of concerned binaries (Ag–Sn, Sn–Zn and Ag–Zn) of the
ternary Ag–Sn–Zn liquid alloys not only reproduces experimental results, but suggests
the presence of chemical short range order in Ag–Sn and Ag–Zn systems leading
to the formation of compounds (Ag3Sn in Ag–Sn and AgZn in Ag–Zn) in the melt.
So far as Sn–Zn system is concerned, it shows the presence of diatomic tin in the melt.
The surface tension, � for Ag–Sn and Ag–Zn systems increases with the increase of the
concentration of Ag-component. Ag–Zn system is different from Ag–Sn system in the
sense that its � shows almost ideal behavior. In case of Sn–Zn system, � decreases with
the addition of Sn-component. The surface of Ag–Sn and Sn–Zn are quite enriched with
tin atoms whereas Ag–Zn system exhibits the segregation of Zn-atoms at the surface.
Above findings of binary systems have been used to investigate the bulk as well as
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Figure 7. Surface tension (�) for Ag–Sn–Zn liquid alloy at T¼ 900K for three cross section of constant
Ag to Sn ratio: (——) for Ag : Sn¼ 1 : 3, (- - - - -) for Ag : Sn¼ 1 : 1 and (� � � � � �) for Ag : Sn¼ 3 : 1.
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Figure 8. Surface concentration of Sn (xssn) with bulk concentration (xZn) for three cross section of constant
Ag to Sn ratio: (——) for Ag : Sn¼ 1 : 3, (- - - - -) for Ag : Sn¼ 1 : 1 and (� � � � � �) for Ag : Sn¼ 3 : 1.
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surface properties of the ternary Ag–Sn–Zn liquid alloys through the application of

a geometrical model in which binary compositions have been selected by considering the

correlation of ith component with other components ( j and k) of the ternary system.

This mode of selection gives an improved model for the ternary system.
Application of this improved model to Ag–Sn–Zn system for three cross section,

i.e. Ag : Sn¼ 1 : 1, 1 : 3, and 3 : 1 reproduces the experimental results for �GM. It will be

proper to mention that same set of interaction energies as those used for the bulk and

surface calculations of binary systems have been used to investigate the bulk and

surface phenomenon in ternary Ag–Sn–Zn liquid alloys. The variation of the

computed surface tension (�), though not compared with experimental values due to

unavailability of data, is different for different cross sections. The � for the cross section

Ag : Sn¼ 1 : 1 decreases slightly up to xZn� 0.4 while for the cross-section Ag : Sn¼ 1 : 3,

it remains almost constant up to 25% Zn. In case of the cross section Ag : Sn¼ 3 : 1, the

decrease in � is sharp up to 50% Zn. The magnitude of � for Ag : Sn¼ 3 : 1 is higher at

all concentrations compared to those Ag : Sn¼ 1 : 1 and 1 : 3. Our study also suggests

that the surfaces of Ag–Sn–Zn system for all the cross section are quite enriched with

Sn-atoms. Of all cross sections, Ag : Sn¼ 3 : 1 exhibits less segregation of tin to the

surface. There is depletion in the concentration of Zn at the surface for all bulk

concentrations.
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Figure 9. Surface concentration of Zn (xsZn) with bulk concentration (xZn) for three cross section of constant
Ag to Sn ratio: (——) for 1 : 3, (- - - - -) for 1 : 1 and (� � � � � �) for 3 : 1.
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