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A simple model based on the concept of a layered structure near the interface has been used to inves-
tigate the surface tension and surface segregation of SnPb and SnZn molten alloys. With increasing con-
centration of Sn, the surface tension (a) of SnPb alloys has been found to increase, while a of SnZn 
alloys decreases, a of both systems is smaller than the ideal value ZC, a,. Our study reveals that both in 
SnPb and SnZn alloys the heavier atoms segregate towards the surface. The degree of segregation in 
SnZn alloys is greater than that in SnPb alloys. The Cahn-Hillard phenomenological model for the sur-
face of pure liquids has been extended to binary molten mixtures and applied to the above systems. An 
attempt has been made to establish a link between the surface tension and the bulk properties such as 
concentration fluctuations in the long wavelength limit [ S c c ( 0 ) ] and isothermal compressibility (^ x ) . 
The impact of the very sensitive bulk parameter S c c ( 0 ) has been examined. Reasonable agreement 
between our model and the experiment is observed for binary molten alloys such as SnPb in which the 
segregation is small, while for the SnZn alloys, in which the segregation is quite large, the agreement 
is not satisfactory. 

Key words: Surface Tension; Surface Segregation; Sn-based Alloys; Concentration Fluctuations; 
Order Potential. 

1. Introduction 

An understanding of surface properties, particularly 
surface segregation and surface tension, is essential in 
metallurgical operations and the study of catalytic activ-
ity [1-3], Various phenomenological models, based on 
bond strength [4], thermodynamic parameters [5-8], 
phase diagram [5], surface energy [4 ,9-11] , microscop-
ic electronic theories [12] etc. have been used to under-
stand the surface segregation in terms of surface tension. 
Models based on the concept of layered structure near 
the interface [7-11, 13-16] have been found to be very 
successful in explaining the surface properties of binary 
molten alloys. Since concentration fluctuations [17-21] 
in the long wave length limit have helped [22-27] to 
understand the alloying behaviour of binary molten 
alloys in the bulk, attempts have been made to explain 
surface phenomena [28] through it. 

In this paper we investigate the surface segregation and 
surface tension of Sn-based (SnPb and SnZn) molten 
alloys. An expression for the surface tension involving 
the surface composition has been derived. Besides, an 
attempt has been made to establish a link between the 
surface tension and bulk properties such as the concen-
tration fluctuation in the long wave length limit ( S c c ( 0 ) 
and the isothermal compressibility (Xt)- SnPb and SnZn 

are simple systems exhibiting simple eutectics [29]. Their 
excess free energy of mixing is positive, but Pb and Zn 
differ considerably in their surface tension (a P b = 
429 m N m - 1 , o Z n = 772 mNm"1) . 

Theoretical expressions are given Sect. 2, Sect. 3 
deals with results and discussion and Sect. 4 with con-
clusions. 

2. Theory 

2.7. Statistical Mechanical Model 

Following Prasad and Singh [7-11, 13-14], the sur-
face grand partition function, S s , of a binary alloy, AB, 
can be written as 

Es 

• e x p [(FI% NS
A +NLNL- ES)/KBT], (1) 

where g i v(T) and /if are the partition function and chem-
ical potential of the atom i(A or B) at the surface, res-
pectively. TV,- [= TVC,-] and TVf (= TVCf) represent the num-
bers of i(A or B) atoms in the bulk and at the surface. 
That total number of atoms at the surface is 

TVS = 2 TV? 
and the total number of atoms in the bulk is TV = 2 TV,-. C, 
and Cf are the bulk and surface concentrations, respec-
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tively. Es is the surface configurational energy. It is 
assumed that A and B in the bulk and at the surface are 
in thermodynamic equilibrium, i.e. 

A = ßf (2) 

Pi refers the bulk. The surface tension of the alloy (cr) is 
related to the surface grand partition function E s through 
the relation 

o = -(kB T/A) ln Es = - (kB T/aNs) ln ~s, (3) 

where A and a(= A /Ns) are the surface area and mean atom-
ic surface area, respectively. In order to obtain an expres-
sion for o through (1) and (3) one requires the suitable 
solution of E s . Under the regular solution approximation 
[7, 8], Es is defined as the product of the order potential 
W[= Z{eAB - (eA + £g)/2), where are energies for i-j 
bonds and Z is the coordination number] and the effective 
number of A-B contracts at the surface. Es is given as 

Es=NsW[pClci + q{CACi + CB(CS-CA)}], 
(4) 

where p and q are fractions of the total number of near-
est neighbours, made by an atom within its own layer and 
that in the adjoining layer; such that (p + 2 q) = 1. In view 
of the disordered structure and the relaxation effect of the 
surface layer, p and q have been treated as parameters 
and taken as p = 1/2 and q- 1/4. It will be proper to men-
tion that the order potential W has been assumed to be 
the same in the bulk and at the surface. A pair of relations 
for Es is obtained by the substituting Es from (4) into 
(1), replacing the sum by its greatest term, differentiat-
ing with respect to CA and equating it to zero 
( 3 E S / 3 C | = 0). Application of the above obtained pair 
of relations for Es in (3) gives a pair of simple relations 
for the surface tension of the alloy: 

o= cja + (kB Tl a) ln ( C | / C A ) 

+ (*B 77a) ln (y | / y A ) (5a) 

= oB + (kBT/a) ln ( C | / C B ) 
+ ( * B 7 V a ) l n ( y f / y B ) , (5 b) 

where a, (/ = A or B) is the surface tension of a pure com-
ponent while Yi and yf refer to the activity coefficients of 
atom i (A or B) in the bulk and at the surface, respectively. 

In the frame-work of our model, y, and yf are related 
through the relation 

In yf = p [ln y, containing Cf in place of C,] 
+ q In Yi. (6) 

If one has the proper expression for the bulk activity 
coefficient, y,, one can easily obtain an expression for yf 
by (6). 

The activity coefficient for the bulk phase is expressed 
in the quasi-chemical model as 

ln Ya = (Z/2) In [{ß- 1 + 2 CA)/{CA(ß+ 1)}], 
(7 a) 

l n y B = (Z/2) In [{ß+ 1 - 2 CA}/{CB(ß + 1)}], 
(7b) 

with 

ß=[\ + 4 C A C B {exp (2 W/Z kB T)- 1} ]1/2. (8) 

When (7) is used in (6), we obtain expressions for yA and 
y f . Equations (5), (6) and (7) give the surface tension of 
the alloy as 

o=oA + (kB T/a) ln ( C | / C A ) + (Z kB 772 a) 
•[p In {(/3s - 1 + 2CA)/ (CA (ßs+\))} 
+ (q-\)\n{(ß-\+2CA)/(CA(ß+\)}], 

(9 a) 

= crB + (kB T/a) ln (C | /C B ) + (Z kB 772 a) 
•[p In { ( / 3 s + 1 - 2 C | ) / ( C l (/3S+1))} 
+ (q-\)\n{(ß+\-2CA)/(CB(ß+\))}] 

(9 b) 
with 

I? = [ 1 + 4 CA Cf {exp (2 W/ZkB T)-\}]m. 
(10) 

Equation (9) can be solved numerically to compute the 
surface tension of the alloy and the surface composition 
(Cf) as a function of the bulk concentration (C,). 

2.2. Scc (0) and Surface Tension 

Bhatia and March [28] developed expressions for free 
energy contributions (F, and F2) to the surface energy 
for liquid alloys by generalising the Cahn-Hillard phen-
omenological treatment of pure liquids [30, 31], These 
are given as 

F ^ A y X , (11) 

F2 = (Y/L2) (12) 

with 

X = (d2E/dNA)T p Nb(ANa)2 

+ (d2F/dNb)t p N a ( A N B ) 2 

+ 2(d2F/dNAdNB)(ANAANB) (13) 
a n d 

Y- bu(ANA)2+ 2bl2(ANAANB) + b22(ANB)2. 
(14) 
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F is the Helmholtz free energy, L the effective thick-
ness of the liquid interface and V the volume. As given 
in the previous sub-section, NA and NB are the numbers 
of atoms A and B, respectively. ANA and ANB are the 
respective fluctuations in them, and is an accidental 
fluctuation, taken as equal to 1/2. The b a r e constants to 
be eliminated later. Equations (11) and (12) give the sur-
face tension of the alloy as 

o=(\/V)[A]XL + (\/L)Y]. (15) 

Minimisation of crin (15) with respect to L ((do/dL) = 0) 
yields 

L2 = (Y/XA]). (16) 

Equations (15) and (16) give a a s 

o=2A]L {XIV). (17) 

(XIV) is expressed [17] as 

(XIV) = (Mxt N2) [AN + N(AC) d]2 

+ (\IV)(d2GldC2)(AC)2, (18) 

where G is the Gibb's free energy for the volume V, Xt 
is the isothermal compressibility of the alloy and <5 is the 
dilatation factor. These are given as 

XT = -(HV)(dVldP)TtNtC, (19) 

0= (\IV) (dV/dP)TP,N 

= (VA-VB)/(CAVA+CBVB). (20) 

VA and VB are partial molar volumes of A and B. Further-
more, 

AN = ANa + ANb (21) 

and 

A C = AT1 [CB A/Va - CA AjVb) . (22) 

One finds f rom (17) and (18) 

O~(2AxLIxtN2) [{AN+N(AC) <5}2 

+ (Xt W2/V) 0 2 G / 3 C 2 ) t , p.* (AC)2]. (23) 

Because of the presence of AC, the evaluation of crfrom 
the above equation is difficult. A C can be determined 
by minimising o with respect to A C [3(7/3 AC) = 0] a 
procedure similar to (do/dL) = 0. L has been assumed 
constant. We get A C as 

AC = [ ( - 6IXt)I{(UV) (3 2 G/3C 2 ) 

+ (Ö2IXT)}](AN/N). (24) 

Substitution of (24) in (23) with the conditions [24, 
26-27] 

A ~ (1/2), 

AN ~ N, 
A N j ~ N h (/ = A o r B ) , 

A C ~ 1 

gives eras 

o~(L/Xt) [\+{d2SCC(0)/NkBTXT}]-1. (25) 

It is proper to mention that the concentration fluctuations 
in the long wave length limit [ S c c ( 0 ) ] [17] has been intro-
duced in place of (d2G/dC2) through the relation 

S c c ( 0 ) = NkB T [d2G/dC2]~1
T P<N. (26) 

By making use of standard thermodynamic relations, the 
above equation can also be written in the form 

Scc(0) = CB aA [ 3 a A / 3 C A ] " ' r , P,N 

= CA aB [ 3 a B / 3 C B ] _ 1
r P M . (27) 

a, is the activity of atom i(A or B) 
Equation (27) is customarily used to obtain experimen-

tal values of S c c ( 0 ) f rom measured activity data or free 
energy of mixing data. 

3. Results and Discussion 

The surface tension (o) and surface compositions (C,s) 
of SnPb and SnZn molten alloys have been computed as 
functions of the bulk concentrations (C,) by solving (9) 
numerically. Experimental [32-33] values of the surface 
tension of the pure components a, (i = Sn, Pb, Zn) are 

at T= 823 K: [32]: at T= 723 K: [33]: 

crSn = 545.698 mNm" 1 , a S n = 533.33 mNm" 1 , 

Opb = 429.032 mNm" 1 , o Z n = 783.33 mNm" 1 . 

As discussed earlier, p = 1/2, q = 1/4. The mean atomic 
surface area [a] has been calculated through the relation 
[34] 

a - 1.102 N'217, Q2'3. (28) 

Q is the volume of the alloy. Experimental [35] values 
of Q have been taken for the SnPb-system, whereas for 
the SnZn system linear values of Q [CSn ß S n + C Z n £2Zn)] 
have been taken. The order potential W has been calcu-
lated through the simple relation [26, 36] 

(G$ISINkBT) = In 2 z / 2 [1 + exp (-WIZ^T)]^2. 

(29) 
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Fig. 1. Surface tension, o, of PbSn liquid alloys at 823 K as a 
function of the bulk concentration, of Pb; theory (9), 
x x x theory (25) and o o o experiment [32], 

GMS is the excess free energy of mixing. The co-ordina-
tion number Z, is equal to 10. The observed [29] values 
of for SnPb yield W=\A5kBT. For SnZn, W 
becomes 0.985 kBT. The temperature dependence of W, 
has been ignored. 

The computed values of the surface tension of the SnPb 
system at W = 1.15 kB T are plotted as a function of the 
bulk concentration of Pb in Figure 1. We observe that the 
theoretical results agree well with the experimental [32] 
ones. But erf or the SnZn molten alloys, at W = 0.985 kB T, 
as a function of the bulk concentration of Sn deviates 
considerably from the experiment [33], In view of this 
disagreement, Wfor the SnZn system has been treated as 
parameter and fixed as equal to 2.7 kBT. It is observed 
that there is good agreement between the computed 
results of o with W = 2.7 kBT (Fig. 2) and the experi-
ment [33]. C,s vs. C, is presented in Figs. 3 and 4 for the 
respective SnPb and SnZn systems along with calculat-
ed values by other workers [ 15,37]. It is clear from Figs. 3 
and 4 that Pb atoms segregate to the surface in the SnPb 
system, whereas the SnZn system exhibits a segregation 
of Sn-atoms to the surface. The extent of segregation in 
the SnZn system is, of course, higher than that in the SnPb 
system. Even for small bulk compositions of Sn, the sur-
face is quite enriched with Sn-atoms. For the bulk com-
position Sn0 j Zn0 9 the surface composition of the alloy 
becomes Sn0 9 Zn0 j. In the case of SnPb. the surface com-
position of an alloy with the bulk composition Sn0 9 Zn0A 

is Sn() 6 3 6 Pb() 364. This might be due to a higher order 
potential W and a larger surface tension effect. The larg-
er positive values of ( W / k B T ) for the SnZn system in 
comparison to the calculated values from (29) suggest 

Fig. 2. Surface tension, a, of SnZn liquid alloys at 723 K as a 
function of the bulk concentration, of Sn; theory ((9) 
with W = 2.7 kBT), x x x theory (25) and 0 0 0 experiment 
[33], 

Fig. 3. Surface concentration, Cpb, of PbSn liquid alloys at 
823 K as a function of the bulk concentration Cpb; 

our theory and O O O values calculated by Yeum et al. 
[15]. 

that the inter-atomic energies at the surface differ from 
those in the bulk. 

Equation (25) has also been used to compute <7for our 
systems as a function of concentration. The required data 
for the computation are S c c ( 0 ) , Xt> ö and and L. S c c ( 0 ) 
for both systems have been calculated from observed [29] 
activity data through (27). Experimentally [38] deter-
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Fig. 4. Surface 
concentration, Cgn, of SnZn liquid alloys at 

723 K as a funct ion of the bulk concentration, of C S n ; 
our theory and 0 0 0 values calculated by Moser and 

Kucharski [37], 

mined Xt values have been taken, while the dilatation 
factor 6 has been calculated by (20). The thickness (L) 
of the interface of the alloy has been calculated through 
the relation ZC, L, (/ = A, B). L, is the thickness of the 
interface of the pure liquid. For the calculation of L, we 
have used the Cahn-Hillard phenomenological model 
[30, 31] of pure liquids [28]. It can be determined easily 
f rom the relation 

O i X t - A - (30) 

Our computed results for SnPb and SnZn alloys are 
depicted in Figs. 1 and 2, respectively. Reasonable agree-
ment between theory and experiments is observed in the 
case of the SnPb system. But computed results f rom (25) 
for the SnZn system deviate considerably from (9) and 
experiment [33]. It may be recalled that the SnZn system 
is more segregating than the SnPb system. Since equa-
tion (25) contains the very sensitive parameter 5 C C (0 ) , it 

will not be wise to expect this relation to give satisfacto-
ry quantitative results for systems such as SnZn, in which 
the segregation is quite large. 

4. Conclusion 

A comparative study of the concentration dependent 
surface tension and surface segregation of SnPb and 
SnZn molten alloys has been undertaken. Our theoreti-
cal investigation gives contrasting result for these 
systems. The surface tension of SnPb increases, where-
as the surface tension of SnZn decreases with increasing 
concentration of Sn. The surface tension of both the 
systems is smaller than the ideal value HC, <7,. Our study 
reveals that Pb-atoms segregate to the surface in SnPb 
alloys, while Sn-atoms segregate to the surface in SnZn 
alloys. The extent of segregate in SnZn alloys is greater 
than that in SnPb alloys. 

It is also found that the interatomic energies at the sur-
face in SnZn alloys are different f rom those in the bulk. 
We have tried to investigate the impact of concentration 
fluctuations in the long wave length limit, S c c ( 0 ) , on the 
surface tension of the above Sn-based alloys. A theoret-
ical expression of the surface tension involving bulk 
parameters such as S c c ( 0 ) and the isothermal compress-
ibility ( X t ) has been found to be successful to a greater 
extent for alloys such as SnPb, in which segregation is 
not so large. But it will not be wise to expect this rela-
tion to give quantitative results for alloys, such as SnZn, 
in which segregation is quite large. Owing to the sensi-
tive nature of Scc(0), the expression might not be giv-
ing good results for the SnZn system. 
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