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Abstract We have computed interchange energy by estimating the best fit experimental and theoretical values at
800K using Flory’s model. Taking these values at 800K, interchange energy at different temperatures are calculated
using optimization method and with the help of which free energy of mixing, heat of mixing and entropy of mixing
are obtained. The partial excess free energy is calculated with the help of values of free energy of mixing which is
used to find surface tension. Butler’s equation and Layered structure approach have been used to calculate surface
tension of Zn-Cd alloy. Viscosity is obtained from Singh and Sommer’s formulation, Moelwyn-Hughes equation,
and Kaptay equation.
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1. Introduction
In metallurgical science, the study of surface and
transport properties of liquid alloy is important for
the preparation of desired materials. Surface tension is
required to understand the surface related phenomena
such as wetting characteristics of solders, corrosion and
kinetics of transformation. And, viscosity is important for
many metallurgical process and heterogeneous chemical
reactions. The different properties have been studied at
800K [1], here we have investigated surface tension and
viscosity at different temperatures theoretically. We have
used Butler’s equation [2] and Layered Structure approach
[3], [4] to study the surface tension. The viscosity is
studied with the help of Moelwyn - Hughes equation
[5], Kaptay equation [4] and, Singh and Sommer’s
Formulation [6].
Flory’s model [7,8] has been used to explain
the thermodynamic and structural behavior of the
alloy at different temperatures as the size effect is
noticeable. In the model, interaction energy parameter is
considered as temperature dependent and is determined by
fitting experimental free energy of mixing at different
concentrations. We have calculated free energy of mixing
(GM), activity (a), heat of mixing (HM) and the entropy of
mixing (SM) at different temperature which are useful to
determine surface tension and viscosity of the alloy. The
formalism is presented in section 2, result and discussion

is dealt in section 3, and conclusions are provided in
section 4.

2. Formulation
The alloying behavior of liquid alloys can be studied
with the help of either the electronic theory of mixing
[9,10] or the statistical mechanical theory of mixing.
Metal physicists [11,12,13] have keen interest in explain
the concentration dependent asymmetry in the properties
of mixing of binary liquid alloys and hence to extract
additional microscopic information.
Flory’s expression for the free energy of mixing of a
binary mixture A-B consists of CA (≡ c) mole of A and CB
{≡ c(1-c)} mole of B respectively, where CA and CB are
the mole fractions of A (≡ Zn) and B (≡ Cd) in the binary
liquid alloy A-B. The free energy of mixing of those
alloys whose constituent atoms differ widely in size can
be expressed as

GM G ( ideal ) + G ( size ) + c(1 − c)G (ω )
=

(1)

G=
(id ) RT [ clnc + (1 − c) ln(1 − c) ]

(2)

Where,
G(size) and G(ω) are contributions due to the size effect
and the interchange energy respectively which can be
written from Flory’s model as

β = 1 − 1 / Φ and Φ = ϑB / ϑ A

(3)
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𝐺𝐺(𝜔𝜔) = 1⁄(1 − 𝛽𝛽𝛽𝛽)

𝐺𝐺(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) = 𝑅𝑅𝑅𝑅[𝑐𝑐𝑐𝑐𝑐𝑐(1 − 𝛽𝛽) − 𝑙𝑙𝑙𝑙(1 − 𝛽𝛽𝑐𝑐)]

(4)

Where,

(5)

α (c=
)

Where, 𝜗𝜗𝐴𝐴 and 𝜗𝜗𝐵𝐵 are atomic volumes of the pure species
A and B respectively [7] defined as
𝜗𝜗Zn = 𝜗𝜗M [1+𝛼𝛼p (T-TM)]

and

𝜗𝜗x(X= Cd ) = 𝜗𝜗M [1+𝛼𝛼p (T-TM)]

ф ( c=
) cln (1 − β ) − ln(1 − β c)  .

2.1. Viscosity
(6)

Where,
ϑ M = atomic volume at melting point
TM = melting temperature and
𝛼𝛼p = volume coefficient at constant temperature.
From Flory’s model the expression for free energy of
mixing is given by

c ln c + (1 − c ) ln (1 − c )  ω c (1 − c )
RT 
. (7)
+
 +c ln (1 − β ) − ln (1 − β c )  (1 − β c )

GM

The Moelwyn - Hughes equation:In order to examine the atomic transport behaviour,
we have the Moelwyn-Hughes equation [5]. The
Moelwyn-Hughes equation for viscosity of liquid mixture
is given as

η=
( c1η1 + c2η2 ) (1 − 2c1c2 .

+ β (1 − c )η ( c ) + (1 − c ) η 2 ( c ) ω / RT .
2

(8)

The temperature derivative of GM gives an expression
for integral entropy of mixing

∂ω
∂T
(9)
+ RTc (1 − c )η ( c ) ×  β / (1 − β ) − cη ( c ) .ω / RT  .∂β / ∂T .
− RG ( id ) − RG ( size ) − c (1 − c )η ( c ) .
SM =

Where,

∂β / ∂T= (α B − ε A ).v A / vB

(10)

and

η=
( c ) 1/ (1 − βc )

(11)

Where, 𝛼𝛼A and 𝛼𝛼B are the coefficients of thermal
expansion of pure species A and B respectively.
First term, second term, third term, and fourth tem in
the right hand side of the equation (9) are due to ideal term,
size factor (ф), temperature derivative terms of size factor,
and interchange energy respectively. The necessity of
taking ω as temperature dependent was noticed [9,14].
Now, heat of mixing can be obtained from equation (1)
and (9) from standard thermodynamic relation,

H M S M GM
=
+
RT
R
RT

HM
= cln c + (1 − c ) ln (1 − c ) + c ln (1 − β )
RT
c (1 − c ) ω
.
− ln (1 − β c ) +
− α (c)
(1 − β c ) RT
−Φ ( c ) −
+

1 c (1 − c ) ∂ω
.
R (1 − β c ) ∂T

Tc (1 − c )  β
ω  ∂β
c
−
.
. .
(1 − β c )  (1 − β ) (1 − β c ) RT  ∂T

(12)

 En 

 RT 

η K = ηOK exp 

(14)

(15)

Where, ηOK is constant (in unit of viscosity) and En is the
energy of activation of viscous flow for pure metal (in unit
of energy per mole).
Singh and Sommer’s Formulation:Singh and Sommer [6] discussed the deviation in the
viscosity of a binary liquid alloy from the ideal mixing
quantitatively in terms of the energetic and the size factor.
It is expressed as

η = η 0ф

(16)

Where, η0 is prefactor and ф is a function of composition.
Moelwyn - Hughes [5] assumed a linear behaviour of the
prefactor, η0 and approximated as

η 0 = ∑cKη K

(17)

K

Where, cK and ηK are the concentration of component
viscosity of pure component k respectively. Osman
Singh [16] suggested that when entropic effects
considered, the factor ф, as function of composition,
be obtained from the expression
ф = 1 + 𝑐𝑐𝐴𝐴 𝑐𝑐𝐵𝐵 (𝛾𝛾 − 1)2 (𝑐𝑐𝐴𝐴 + 𝛾𝛾𝑐𝑐𝐵𝐵 )−2

and
and
are
can

(18)

ΩB
, ΩB > ΩA, ΩK is atomic volume.
ΩA
Kaptay equation:The Kaptay equation [17] for the viscosity of binary
mixture has been derived taking account into the
theoretical relationship between the activation energy of
viscous flow. It is expressed as
Where, =

*
 ∑ CK GK
− θ .H M
K

η=
exp
RT
∑ KCK ΩK + Ω E 

hN A

(13)

HM
)
RT

Where, ηK (K=1, 2) is the viscosity of pure component K and
for most liquid metals, it can be calculated from Arrhenius
type equation [15] at temperature T as

The activity aA of the element A in the binary liquid
alloy is given as,

=
ln a A ln c (1 − β )η ( c ) 

[clnc + (1 − c) ln(1 − c)]


 (19)



Where, h = Plank’s constant, NA is Avogadro’s number,
ΩK represents the molar volume, ΩE is the excess molar
volume upon alloy formation, R is the ideal gas constant,
GK∗ is the Gibb’s energy of activation of the viscous flow
in pure component K, HM is enthalpy of mixing of the
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alloy, CK (=A, B) represents concentration, and Ө is a
constant whose value is taken to be 0.155±0.015 [4]. GK∗ of
component K is expressed as
η Ω 
*
= RT ln  k K  .
GK
 hN A 

(20)

The variation of viscosity, ηK with temperature T from
the Arrhenius type equation [16] is expressed as

η K = ηOK

E 
exp  n 
 RT 

(21)

Where, ηOK is constant (in unit of viscosity) and En is the
energy of activation of viscous flow for pure metal (in unit
of energy per mole).

2.2 Surface Tension
Butler’s equation: Butler’s equation [2] is based on the assumption that
the existence of surface monolayer at the surface of a
liquid as a separate phase that is in thermal equilibrium
with the bulk phase. It is expressed as

Γ = Γ1 +
+

(

1
G E , s − G1E ,b
A1 1

(

) (

(

)

𝐶𝐶𝑃𝑃 = −𝐶𝐶 − 2𝐷𝐷𝐷𝐷 − 2𝐸𝐸𝐸𝐸 −2 .

(25)

From the thermodynamic relation, the enthalpy is given
by

T

H= H (T0 ) + ∫CP dT= A − CT − DT 2 + 2 ET −1 −… (26)

)

C
S S (T0 ) + ∫ P dT
=
T

(22)

0

(27)

= − B − C (1 + lnT ) − 2 DT + ET −2 −…

Where, Γ1 and Γ2 are the surface tension of the pure
component 1 and 2 respectively. GiE,s and GiE,b (i = 1, 2)
are partial excess free energies, Xis and Xib are mole
fraction of component i in the surface and bulk
respectively. The molar surface area of the component i
can be computed by using the relation
2/3

(23)

Where, K (= 1.091) is geometrical factor for the liquid
alloy [17]. For binary mixture, 𝑋𝑋1𝑏𝑏 + 𝑋𝑋2𝑏𝑏 = 𝑋𝑋1𝑠𝑠 + 𝑋𝑋2𝑠𝑠 = 1.

Layered Structure approach:The layered structure approach [3,4] connects the
surface tension ( Γ) of alloy to its bulk thermodynamic
properties through the bulk activity coefficients (Γk ). It
can be derived as

(

The optimization method is a statistical thermodynamics
or polynomial expressions. This method is useful to find
theoretical values when the experimental values are
unknown. At temperatures 700K, 950K and 1050K, the
experimental values are unknown. So the method is
suitable for our study.
The adjustable coefficients, used in the process, are
estimated by least square method [18]. The heat capacity
can be expressed as

T

( ) ( )

1/3

2.3. Optimization of Free Energy of Mixing
(GM), Activity (a), Heat of Mixing (HM),
Surface Tension (𝚪𝚪) and Viscosity (𝛈𝛈)

Also, the entropy is given by

RT 
ln X 2s − ln X 2b 



A2

𝐴𝐴𝑖𝑖 = 𝐾𝐾. 𝑁𝑁𝐴𝐴 . 𝑉𝑉𝑖𝑖

crystal, z = 12, p = 1∕2 and q = 1∕4 [3], [4]. And, AK is the
mean area of the surface per atom which can be computed
1/3
2/3
as AK= ∑ 𝐴𝐴𝑖𝑖 𝐶𝐶𝑖𝑖 ( i= A,B) , Where, 𝐴𝐴𝑖𝑖 = 𝐾𝐾. 𝑁𝑁𝐴𝐴 . 𝑉𝑉𝑖𝑖 .

0

RT 
ln 1 − X 2s − ln 1 − X 2b 

A1 

1
G E , s − G2E ,b
=Γ 2 +
A2 2
+

)
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)

2 

P 1 − CKS
K BT
CKS

 ω
ln
Γ = Γk +
+
A
AK
γ K CK
 + q (1 − CK )2  K

(24)

Where, KB stands for Boltzmann constant; Γk is surface
tension, CKS is the surface concentration of pure
component K ( K = A, B) at temperature T, p and q are
surface coordination fractions, related as p + 2q = 1. In a
simple cubic crystal z = 6, p = 2∕3 and q = 1∕6, in a bcc
crystal z = 8, p = 3∕5 and q = 1∕5, and in a closely packed

By using equation (18) and (20) in the thermodynamic
relation, G = H − TS , we get the temperature (T)
dependent free energy as
𝐺𝐺 = 𝐴𝐴 + 𝐵𝐵𝐵𝐵 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐷𝐷𝑇𝑇 2 + 𝐸𝐸𝑇𝑇 −1 …

(28)

The composition dependence of excess free energy of
mixing is given by Redlich - Kister polynomial equation
as
𝑙𝑙
𝐺𝐺𝑀𝑀𝑋𝑋𝑋𝑋 (𝑐𝑐, 𝑇𝑇) = 𝑐𝑐(1 − 𝑐𝑐) ∑𝑚𝑚
𝑙𝑙=0 𝐾𝐾𝑙𝑙 (𝑇𝑇)[𝑐𝑐 − (1 − 𝑐𝑐)] (29)

With

𝐾𝐾𝑙𝑙 (𝑇𝑇) = 𝐴𝐴1 + 𝐵𝐵1 𝑇𝑇 + 𝐶𝐶1 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝐷𝐷1 𝑇𝑇 2 +… (30)
The coefficients K1 depends upon the temperature same
as that of G in equation (22). The least-square method can
be used to obtain the parameters involved in equation (23).
For this purpose, the required excess free energy of
XS
) of the liquid alloy at different temperatures
mixing (GM
can be determined by the relation
XS
id
GM
= GM − GM
= RT [clnc + (1 − c ) ln (1 − c )]. (31)

The values for the free energy of mixing (GM) of liquid
alloys at different temperatures can be calculated from
equation (1) by knowing the values of ordering energy
parameter (ω) at different temperatures from the relation
[19,20]
𝜔𝜔(𝑇𝑇) = 𝐴𝐴 + 𝐵𝐵𝐵𝐵

(32)

Where, A and B are coefficient constants. The values of A
and B are calculated with the help of values of ω/RT and
1 ∂ω
at temperature 800K for the alloy using equation
R ∂T
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1 ∂ω
at temperature 800K is
R ∂T
computed using the best fit approximation of experimental
values of the alloys from Hultgren et.al. 1973 [21] using
equations (7) and (9). By taking the values of coefficient
constants A and B for the alloy, the values of interchange
energy (ω) at different temperature T (i.e. T = 700K, 800K,
950K, and 1050K) are calculated.
(32). The values ω/RT and

3. Results and Discussion
The best fit parameters for Zn-Cd at 800K is found to
1 ∂ω
be ω/RT = 1.058, and
= 0.0126 using equation (7)
R ∂T
dω
and (9). By using the best fit value of
and ω(T) at
dT
800K for Zn-Cd in equation (32), the value of ω(T) at
different temperatures are estimated and listed in Table 1.
Table 1. Estimated values of order energy parameter at different
temperatures in Zn-Cd liquid alloy
Temperature (T) in K
700
800
950
1050

Order energy Parameter ω/RT
1.2382
1.0850
0.9156
0.8296

The values of free energy of mixing (GM) of the liquid
alloy at temperature T have been calculated by using the
corresponding values of ω(T) in equation (7) over the
entire range of concentration. And, the values of free
energy of mixing (GM) are used to calculate the
XS
corresponding excess free energy of mixing (GM
) of the
alloy at temperatures of study by using equation (31).
Interaction energy (ω) is found to be positive which
indicates segregating in nature. Using above interchange
energy (ω), we have computed free energy of mixing (GM),
activity (a), entropy of mixing (SM), heat of mixing (HM),
surface tension (Γ) and viscosity (𝜂𝜂) at temperatures 700K,
800K, 950K, 1050K using Flory’s model in which size
factor plays important role.

3.1. Free Energy of Mixing (GM)
The experimental values of free energy of mixing (GM)
are taken from Hultgren et.al. [21] at 800K by which we
have estimated the interchange energy (ω) at that
temperatures by best fit method using equation (7) i.e. ω =
1.0850RT. The free energy of mixing (GM) at different
temperatures are obtained using equation (7) with the help
of optimized values of energy order parameters ω(T)
presented on the Table 1. The plot of experimental values
of free energy of mixing (GM) at 800K and theoretical
values at different temperatures (T) of the alloy with
respect to the concentration of Zn is shown in Figure 1.

3.2. Entropy of mixing(SM)
The experimental values of entropy of mixing(SM) at
800K for the alloy are taken for Hultgren et. al. [21].
Using best fit method with the help of equation (9) the
1 ∂ω
estimated at temperature 800K i.e.
values of
R ∂T
1 ∂ω
= 0.0126. The entropy of mixing of the alloy at
R ∂T
different temperatures (T) are calculated using equation
(9) conjugation with equations (10) and (11) with the help
of optimized values of energy order parameters ω(T)
1 ∂ω
presented on the Table 1 and constant values of
R ∂T
1 ∂ω
from equation (32) i.e.
= 0.0126.
R ∂T
The plot of experimental values of entropy of mixing
(SM) at 800K and at temperatures 700K, 800K, 950K,
1050K of the liquid alloy with respect to the concentration
of Zn is shown in Figure 2.

Figure 2. Graph for SM/R versus the concentration of CZn of Zn-Cd liquid
alloy at temperatures 700K, 800K, 950K and 1050K.

3.3. Heat of Mixing (HM)

Figure 1. Graph for (GM/RT) versus the concentration of CZn of Zn-Cd
liquid alloy at temperatures 700K, 800K, 950K and 1050K.

The heat of mixing (HM) for the alloy at temperatures
700K, 800K, 950K, 1050K are computed using equation
(12) in conjugation with equations (7) and (9) with the
help of corresponding optimized values of free energy of
mixing (GM) and entropy of mixing (SM).
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The plot of experimental values of heat of mixing (HM)
at 800K and theoretical values at temperatures of study of
the alloy with respect to the concentration of Zn is shown
in Figure 3.
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at temperature T have been calculated separately over the
entire concentration range by equations (33) and (34) with
the help of optimized coefficients i.e. Ko, K1, K2 and K3.
The values of partial excess free energy of mixing of the
components in the alloy at temperatures 700K, 800K,
950K, and 1050K are shown in Table 3, Table 4, Table 5
and Table 6.
Table 3. The values of partial excess free energy of mixing of the
components at 700K of Zn-Cd alloy
Zn-Cd alloy at 700K
CZn

Figure 3. Graph for HM/RT versus the concentration of CZn of Zn-Cd
liquid alloy at temperatures 700K, 800K, 950K and 1050K.

3.4. Excess Free Energy

Table 2. Calculated values of optimized coefficients Al, Bl, Cl and
Dl (l = 0 to 3) in liquid alloy Zn-Cd
Bl(Jmole-1k-1) Cl(Jmole-1k-1) 𝑫𝑫l(Jmole-1k-1)

6.174406599 -0.045951836 0.00618193 -1.96687E-06
-2.438500259 0.047997717 -0.007216007 4.44856E-06
-1.04620321 0.018277845 -0.002725682 1.62388E-06
-0.284110671 0.004805783 -0.000714955 4.21565E-07

We have used the parameters i.e. Ko, K1, K2 and K3 to
obtain partial excess free energy using equation (29). The
−XS
partial excess free energy of mixing ( G ) of the components
M
A (=Zn) and B (=Cd) are computed using equations [19]

(1 + 2l ) c 
l −1
XS
GM
(1 − C )2 ∑Kl (T ) 
 ( 2c − 1) (33)
, A (C,T ) =
 − (1 − c ) 
l =0
m

and
XS
GM
,B

(C,T )
m

l −1

= C 2 ∑Kl (T ) c − (1 + 2l )(1 − c )  ( 2c − 1)

.

RT

0.1

RT
1.018294

0.008721

0.2

0.857441

0.037289

0.3

0.700905

0.089696

0.4

0.551041

0.170691

0.5

0.410506

0.286082

0.6

0.282559

0.443039

0.7

0.171369

0.650397

0.8

0.082314

0.918963

0.9

0.022288

1.261811

Zn-Cd alloy at 800K

The least-square method has been used to calculate the
parameters involved in equation (29) for the alloy at
different temperatures and then the optimized coefficients
for the alloys are computed which are listed in the Table 2.

Al(Jmole-1k-1)

XS
GM
,Cd

Table 4. The values of partial excess free energy of mixing of the
components at 800K of Zn-Cd alloy

𝐗𝐗𝐗𝐗
(𝐆𝐆𝐌𝐌
),

Activity (a)
−𝐗𝐗𝐗𝐗
and Partial Excess Free Energy ( 𝐆𝐆 )
𝐌𝐌

Values
of l
0
1
2
3

XS
GM
, Zn

(34)

l =0

The partial excess free energy of mixing of the
components i.e. Zn and Cd involved in Zn-Cd,

XS
GM
,Cd

CZn

XS
GM
, Zn

RT

RT

0.1

0.886282

0.007575

0.2

0.746505

0.032400

0.3

0.61041

0.077965

0.4

0.48005

0.14842

0.5

0.357742

0.248847

0.6

0.246329

0.385525

0.7

0.149451

0.566195

0.8

0.071814

0.800334

0.9

0.019452

1.099417

Table 5. The values of partial excess free energy of mixing of the
components at 950K of Zn-Cd the alloy
Zn-Cd alloy at 950K
CZn

XS
GM
, Zn

RT

RT

0.1

0.740749

0.006489

0.2

0.627443

0.02765

0.3

0.511292

0.066297

0.4

0.399358

0.125757

0.5

0.295903

0.210056

0.6

0.203505

0.324107

0.7

0.124183

0.473900

0.8

0.060518

0.666686

0.9

0.016769

0.911169

XS
GM
,Cd
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Table 6. The values of partial excess free energy of mixing of the
components at 1050K of Zn-Cd alloy
Zn-Cd alloy at 1050K
XS
GM
,Cd

CZn

XS
GM
, Zn

RT

RT

0.1

0.669365

0.005835

0.2

0.562148

0.024872

0.3

0.458245

0.059652

0.4

0.359188

0.11318

0.5

0.266714

0.189096

0.6

0.182942

0.291844

0.7

0.110537

0.426844

0.8

0.052884

0.600661

0.9

0.01426

0.821176

Where, ai and ci be the activity and concentration of the
components of liquid alloy at corresponding temperature.
Using equations (36) and (37) we have computed
activities of the components of alloys at different
temperatures with the help of optimized values of partial
excess free energy of the components that are presented
on the Table 3, Table 4, Table 5 and Table 6. The plot of
activity is presented on graph (5).

Using these optimized partial excess free energy of
mixing of both the components of the alloy we have
calculated the corresponding excess free energy of the
alloy at different temperatures over the entire range of
concentration from the relation
XS
XS
XS
G=
CGM
, A + (1 − C ) GM , B .
M

(35)

The optimized values of excess free energy of mixing
for the alloys at temperatures 700K, 800K, 950K and
1050K over the entire concentration range for Zn-Cd alloy
is shown in Figure 4.

Figure 5. Graph for Lna at different temperatures versus CZn of Zn-Cd
liquid alloy at 700K, 800K, 950K and 1050K

3.5. Surface Tension
The surface tension of the liquid alloys can be
calculated using equation (22) conjugation with equation
(23) using Butler’s model [2,20]. The ratio of partial
excess Gibbs energy in the bulk and that in the surface can
be expressed as

β=

GiE , s
GiE ,b

.

The value of parameter β has been taken as 0.83 as
suggested by different researchers to compute surface
tension of liquid alloys i.e. Guggenheim [11], Yeum et al.
[22] and Tanaka et al. [17]. The temperature coefficients
for pure Zn and Cd components, surface tension at melting
points of the components Zn and Cd are taken from
Smithells Metal reference book [14]. The surface tension
of the pure component at temperature of investigation
have been calculated using the relation
XS
Figure 4. Graph for GM
/RT versus CZn of Zn-Cd liquid at temperatures
700K, 800K, 950K and 1050K

Now, the activity coefficients (γ i), (i =Zn or Cd) at
different temperature over the entire range of concentration
for components have been computed from the relation
XS
GM
,i = RT lnγ

(36)

With

γi =

ai
ci

(37)

Γ (T ) =Γ m +

∂Γ
(T − Tm )
∂T

∂Γ
(= -0.17mNm-1k-1 for Zn, and -0.26 mNm-1k-1
∂T
for Cd) is temperature coefficient of surface tension, Tm
(= 692.5K and 594K for Cd) is melting temperature and
T=700K, 800K, 950K and 1050K.
We have calculated surface concentration of Zinc
corresponding to the bulk concentration of Zinc
component in the alloys using Butler’s equation (22). The
plot of the surface concentration of Zinc Vs bulk
Where,
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concentration of Zinc of Zn-Cd alloy at temperatures
700K, 800K, 950K and 1050K is shown in Figure 6.

Figure 6. The surface concentration of Zn versus bulk concentration of
Zn in Zn-Cd alloy at temperature 700K, 800K, 950K and 1050K using
Butler’s equation

It is found from the analysis that the computed surface
tension for Zn-Cd system at 800K is more than ideal value
(= X1Γ1 + X2Γ2) at the concentrations from CZn=0.1 to 0.9
at 800K. The surface tension of Pure Zinc component and
pure Cadmium component at melting point [14] is taken to
calculate the surface tension at different temperatures. The
surface tension of pure Zinc component is greater than the
surface tension of pure Cadmium component at
temperature T. We have calculated the surface tension
with the concentration of Zinc component in the alloy
using Butler’s equation (22) which indicates that as the
concentration of Zinc component increases, surface
tension increases at temperature T which is shown in
Figure 7.
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temperature T. The plot of surface concentration of Zinc
(CZnS) versus the bulk concentration of Zinc (CZn) of the
alloy is shown in Figure 8 using Layered structure.

Figure 8. Surface concentration of Zinc (CZnS) versus the bulk
concentration of Zinc (CZn) of the alloy Zn-Cd alloy at temperatures
700K, 800K, 950K and 1050K using Layered Structure approach

We have computed the surface tension of the alloy
using the values of surface concentrations which is
shown in Figure 9 using Layered Structure approach at
temperatures 700K, 800K, 950K and 1050K.

Figure 9. The surface tension (Γ) versus concentration of Zn of Zn-Cd
alloy at temperatures 700K, 800K, 950K, 1050K using Layered Structure
approach

3.6. Viscosity

Figure 7. The surface tension ( Γ ) versus concentration of Zn at
temperatures 700K, 800K, 950K, 1050K using Butler’s equation

The surface tension of the alloy is calculated using
Layered structure approach [3,4] using equation (24) at

The viscosity of the alloy at different temperatures(T)
are computed using Moelwyn-Hughes equation [3,23]
with the help of heat of mixing (HM) which is shown in
Figure 10. Viscosity of pure components i.e. Zn and Cd at
temperature T (T =700K, 800K, 950K, 1050K) of the
alloy are calculated using equation (15) with the help of
the value of the constants E and 𝜂𝜂ok for the metals [15].
And, heat of mixing (HM) at temperature T are obtained
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using equation (12) in conjugation with equations (7) and
(9) with the help of optimized values of interchange
energy parameters (ω) presented on Table 1.

equation [4] with the help of optimized values of heat of
mixing (HM) at different temperatures. Viscosities of pure
components i.e. Zn and Cd components at temperature T
of the alloy are calculated using equation (21) with the
help of the value of the constants E and 𝜂𝜂ok for the metals
[15]. The plot of the viscosity versus the concentration of
Zinc component using Kaptay equation is shown in
Figure 12.

Figure 10. The viscosity of Zn-Cd liquid alloy versus concentration of
Zinc at temperatures 700K, 800K, 950K, 1050K using Moelwyn-Hughes
equation

The viscosity of the alloy at temperatures T are
computed using Singh and Sommer’s formulation [6] with
the help of equation (17) in conjugation with equation (18)
taking the optimized values of heat of mixing (HM) at
different temperatures (T). Viscosity of pure components
i.e. Zn and Cd components in the alloy at temperature T of
the alloy is calculated using equation (15) with the help of
the value of the constants E and 𝜂𝜂ok for the metals [15].
For simplicity, we have ignored the value of the excess
molar volume (ΩE). The size factor plays important role to
calculate viscosity which is computed using equation (6).
The plot of the viscosity versus the concentration of Zinc
component using Singh and Sommer’s formulation is
shown in Figure 11.

Figure 12. The viscosity of Zn-Cd liquid alloy versus concentration
of Zinc at temperatures 700K, 800K, 950K, 1050K using Kaptay
equation

4. Conclusions
The interchange energy and size factor are temperature
dependent in Zn-Cd alloy. Thermodynamic properties of
the alloy are temperature dependent. The alloy is segregating
and symmetric in nature at all temperatures of study. The
surface tension and viscosity of the alloy are temperature
dependent and decrease as the temperature of study
increase at each concentration range. The optimization method
is useful to obtain theoretical data at our temperatures of
study where the experimental data is unavailable.
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