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ABSTRACT
The simple statistical model or simple theory of mixing has been used to study the structural
behavior of cadmium based alloys at their molten state at a temperature of 800 K by computing
thermodynamic functions and structural functions. The thermodynamic functions include free
energy of mixing ( ), activity (a), the heat of mixing ( ), and the entropy of mixing ( ).
The structural functions include concentration fluctuation in the long-wavelength limit (
)
and Warren-Cowley short-range order parameter ( ). Interchange energy or interaction energy
or ordering energy (ω) was calculated for the respective alloys system and found to be positive
and temperature-dependent. Based on interchange energy (ω) and coordination number (Z),
theoretical values of all the functions are calculated by applying the grand partition function.
All the computed values for the mentioned functions are in good agreement with experimental
values. For the cadmium based alloys, viz., Cd-Zn & Cd-In, both show the segregating in
nature at temperature 800 K for the concentration of range 0.1 to 0.9, however, Cd-Zn is more
segregating than Cd-In.
Keywords: Simple statistical model, Structural properties, Thermodynamical properties,
Interchange energy.
state +2 in most of its compounds) and mercury
(lower melting point than the transition metals). It
forms complex compounds although similar to zinc
in many respects [1]. Cadmium is vastly used in
batteries, coating, plating, alloys, etc. in various
industries. Cadmium coated components, likewise,
provide outstanding corrosion resistance along with
low friction coefficient, low electrical resistivity,
good galvanic comparability, good plating
coverage, ability to coat a wide variety of surfaces,
and good braze-ability and solder-ability. For these
reasons, cadmium coated products are preferred for
a wide range of critical and safety-related
applications in the aerospace, electrical, defense,
mining, nuclear, and offshore industries.
Despite cadmium has only limited use as a pure
metal it forms many binary and more complex
alloys that have useful properties for many
commercial applications. Cadmium-containing
alloys are generally important for their wide variety
of applications as they possess improved

1. INTRODUCTION
This world has been decorated with suitable
materials which is the gift of present science.
Furthermore, the demand of modern society is new
and new reliable materials which could be fulfilled
by the metallic mixture in addition to polymers.
The metallic mixture may be formed by combing a
metal to other metal or non-metals at their molten
state which is termed also as an alloy. The
determination of the thermodynamic, electrical,
magnetic, surface, and structural properties of
mixing of materials is one of the most intense
research fields in present metallurgical science.
Scientists and engineers frequently require the
properties of different kinds of materials to design
the structure involved in the construction. The
mixing property of the binary liquid alloys results
in producing new materials required for hightemperature applications.
Cadmium is the soft, bluish-white metal that is
chemically related to zinc (demonstrates oxidation
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mechanical, thermal, and electrical properties such
as tensile and fatigue strength, hardness, drawability, heat resistance, and electric conductivity,
etc. Cadmium-Zinc alloys are used as solders at a
medium temperature which provides excellent
corrosion resistance joints on most metals. Eutectic
cadmium-indium alloy can be used for soldering
whisker wires, ribbons, stem leads, or other
electrical connections to the emitter and collector
electrodes without melting the In electrodes [2].
The alloying behavior of binary alloys can be
studied theoretically by computing thermodynamic,
structural, transport, and surface properties of
alloys in the liquid state. For a long time, many
researchers have been working with several models
to explain the mixing properties of binary liquid
alloys.
In the present work, we have used a simple
statistical model [3] to study the thermodynamical
properties such as free energy of mixing ( ),
activity (a), the heat of mixing ( ) and entropy of
mixing ( ), and hence to study the structural
properties such as concentration fluctuation in the
long-wavelength limit (
) and WarrenCowley short-range order parameter ( ) of
cadmium based alloys (Cd-Zn & Cd-In) alloys at
molten state at 800 K.

and,
..... (4)
With
........................................ (5)
,
......... (6)
......... (7)
For the equiatomic composition (x = 1/2), relation
(4) reduces to
................... (8)
To calculate ω/KBT in terms of excess free energy
of mixing,
........ (9)
Here Z = 10 because in the liquid and amorphous
states, the atoms are randomly distributed in a
nearly close-packed structure and the coordination
number of the nearest neighbors is about 10 [4].
Using relations (2) to (8), the free energy of mixing
[3] will be

2. THEORETICAL FORMALISM
2.1 Thermodynamic properties
The grand partition function for simple binary
liquid alloys consisting of NA (= Nx) and NB (=
N(1-x)) can be generalized as follows [3, 16]
e p

... (10)
To calculate ω/KBT in terms of free energy of
mixing,

....... (1)

............................. (11)

Where, the
(T) (i =A, B) denote the partition
functions associated with the inner and translational
degrees of freedom of atoms i and
are the
chemical potentials. NA and NB are the numbers of
A and B atoms in the alloy with the configurational
energy E.
The standard thermodynamic relation for free
energy of mixing is [3, 6 – 15],

The activity of binary liquid alloys, ai (i = A or B),
can be related to the free energy of mixing by the
relation
................. (12)
.............................

................................................. (2)

............................................................................ (13)

Where,
is the free energy of mixing for ideal
solution. For ideal solution, interaction between AA, B-B and A-B are identical (ω = 0), then we get,

From Equation (12) and (13) we get [3]:
............................... (14)

............ (3)

..................... (15)
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The heat of mixing (HM) can be obtained from the
standard thermodynamic expression as

corresponds to segregation (preference of like
atoms pairing as nearest neighbors or homocoordination or phase separation) and cc
id
, refers to ordered alloys (preference for
cc
unlike atoms pairing as nearest neighbors or heterocoordination).
The Warren-Cowley [26, 27] short-range order
parameter ( ) is a useful parameter to quantify the
degree of chemical order in the alloy melt. It
provides insight into the local arrangement of the
atoms in the molten alloys. Although it is difficult
to obtain the experimental values of , theoretical
values of this parameter are easily obtain via
conditional probability [A/B] which defines the
probability of finding an A-atom as the nearest
neighbor of a given B-atom. It can be evaluated
theoretically [26, 27]:

(16)
.............. (17)
And entropy of mixing ( ) can be obtained from
the standard thermodynamic expression as
............................................ (18)
.. (19)
If -1 <
/RT < 0, weakly interacting systems, if -2
<
/RT < -1, moderate interacting systems, if
GM/RT ≤ -2, strongly interacting systems [3, 6-15].
The magnitude of activity of more interacting
systems is smaller in comparison to the activity of
less interacting systems [11-14].
2.2. Structural properties
Concentration fluctuations in the long-wavelength
limit (
) is an essential structural function
which has been widely used to study the nature of
atomic order in binary liquid alloys [16, 17].
is thermodynamically related to free energy
of mixing ( ) [16]. It is given as

................................................... (23)
Where,
............................................. (24)
Where, Z is the coordination number, which is
taken as 10 for our purposes. For the equiatomic
composition, the chemical short range order
parameter is found to be -1 ≤
≤ 1. Negative
values of
indicate ordering in the melt, which is
complete if
= -1. On the other hand, positive
values of
indicate segregation, leading to
complete only if
= 1. But
= 0, corresponds to
random distribution of the atoms in the mixture.

............................. (20)
Equations (10) and (20) gives the theoretical value
of
:

3. RESULTS AND DISCUSSION
3.1. Thermodynamic properties
ω
The energy parameter
and temperature

................ (21)
The ideal value of concentration-concentration
fluctuations, when the ordering energy is zero, is
usually computed from:

ω

derivative of energy parameter

used for the

calculation for Cd-based alloys at 800 K are
estimated as,

............................................ (22)
There are difficulties in the diffraction experiment,
therefore theoretical determination of
is of
great importance when the nature of interactions in
the melt has to be analyzed. The mixing behavior of
liquid alloys can be deduced from the deviation of
id
from
.
Theoreticians
have
cc
demonstrated that any deviation of
from
id
ideal value cc
is of great importance to
visualize the degree of ordering in the alloys [3].
id
They have demonstrated that cc
,
cc

Table 1: Values of

and

for Cd-based

alloys at 800 K
ω

Cd-based alloys
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ω

Cd-Zn

1.2

- 0.058

Cd-In

0.6

- 0.262

Study of Structural Behavior of Cadmium Based Alloys at Molten State

Where values of ω/KBT have been determined from
equations (9) and (11) by using experimental value
of excess free energy of mixing and free energy of
mixing and values of 1/KB ∂ω/∂T have been
determined with successive approximation from
equation (17) by using the experimental values [5]
of
.
The positive value of energy parameter ω/KBT
suggests that there is a higher tendency for like
atoms to pair in the alloy which implies a homocoordination system. However, the tendency of
pairing is weak since the energy parameter is small.
We have observed that if energy parameters are

supposed to be independent of temperature (∂ω/∂T
= 0), then
and
so obtained are in poor
agreement with experimental data [5]. This
suggests the importance of temperature dependence
of ordering energy, ω.
The free energy of mixing, heat of mixing and
entropy of mixing for Cd-based liquid alloys at 800
K have been computed from Equation (10),
Equation (17) and Equation (19) respectively. The
plot of RT RT and against xCd for Cd-Zn and CdIn alloys system are depicted in Figure (1.1) and
Figure (1.2) respectively.

Fig 1.1:

Fig 1.2:

versus

for Cd-Zn alloy at 800 K

The calculated and experimental values [5] of
and
are in good agreement at all
RT RT
compositions of Cd. The qualitative agreement
between the calculated and experimental values
is a confirmation that our choice of ω for the
alloy is correct. The value of RT is minimum but

versus

for Cd-In alloy at 800 K

system, it indicates that Cd-Zn is a more weakly
interacting system than Cd-In.
We have used the same values of the energy
parameters in Equation (14) and Equation (15) for
the evaluation of chemical activities of the
components of the alloy. There is good agreement
between calculated and experimental values of the
activities of the components of both cadmium based
alloys which are depicted in Figure (2.1) and Figure
(2.2). It has been found that the magnitude of
activity of more interacting systems is smaller in
comparison to the activity of less interacting
systems. From the point of view of activity at the
same equi-atomic concentration, Cd-In has less
value (i.e., 0.581) than that of Cd-Zn (i.e., 0.675).
So, Cd-Zn is a more weakly interacting alloys
system than Cd-In. This conclusion agrees with the
conclusion obtained based on the free energy of
mixing.

and
are maximum at
= 0.5, which
shows that both Cd-based liquid alloys are
symmetric about equiatomic concentration. The
negative small values of free energy of mixing
throughout the entire compositions indicate that
both Cd-based alloys at 800 K in the molten state
are weakly interacting systems. The most
negative value of ω/KBT in alloy Cd-In is -0.5431
which is nearer to -1, and in alloys, Cd-Zn is 0.3931 which is nearer to 0 at concentration 0.5.
Since the system that has the more negative value
of ω/KBT tends to have a strongly interacting
RT
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Fig 2.1:

and

versus

for Cd-Zn alloys at 800 K

Fig 2.2:

3.2. Structural properties
We have used Equation (21) and Equation (23) to
compute
and
respectively for both Cdbased alloys. The plot of theoretical, experimental,

Fig 3.1:

and

versus

and

versus

for Cd-In alloys at 800 K

and ideal values of
and computed values of
for Cd-based alloys are shown in Figure (3.1)
and Figure (3.2) respectively.

for Cd-Zn alloy at 800 K

Fig 3.2:

and

versus

for Cd-In alloy at 800 K

the homo-coordinating system. Between the alloys
considered, Cd-Zn is closest to the ideal behavior
whereas Cd-In exhibit the largest deviation which
could be seen while the computed
and
id
values of both alloys are plotted against the
cc
concentration of cadmium in the same graph as
shown in Figure (4.1) below. And also between the
alloys considered, Cd-Zn has a greater peak of
than Cd-In which could be seen while the computed

The computed values of
are in good
agreement with the experimental values. Figure
(3.1) and Figure (3.2) show that value of
for
both Cd-based alloys is greater than the ideal value
id
at every concentration (i. e., cc
). The
cc
figures also show that
is positive but less than 1
throughout the concentration of cadmium (i. e., 1 >
> 0) and is found to be maximum at
= 0.5.
This result suggests that both Cd-based alloys are
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values of
of both alloys are plotted against the
concentration of cadmium in the same graph as
shown in Figure (4.2) below. Concerning

Fig 4.1:

versus

for Cd-In and Cd-Zn alloys
at 800 K

magnitude of deviation of
from
and
the height of the peak of , it has resulted that CdIn is more segregation in nature than Cd-In.

Fig 4.2:

4. CONCLUSIONS
The analysis of the present research work reveals
that:
 Ordering energy (ω) is positive and temperaturedependent. The value of ω for Cd-Zn is greater
than that of Cd-In.
 Thermodynamic functions and structural
functions are strongly dependent on ordering
energy (ω).
 Alloys are weakly interacting in nature. Cd-Zn
is more weakly interacting in nature than Cd-In.
 Alloys are segregating in nature. Cd-Zn is more
segregating in nature than Cd-In.

[4]

[5]

[6]

[7]

ACKNOWLEDGEMENT
We would like to acknowledge the University
grants commission Nepal for the research grant.

[8]

REFERENCES

[9]

[1]

[2]

[3]

Holleman, A. F.; Wiberg, E.; and Wiberg, N.
Lehrbuch der Anorganischen Chemie (in
German) (91-100 ed.) (1985).
Schnable, G. L.; and Javes, J. G. A Fused Bath
for Electrodeposition of Molten Cadmium‐Indium
Alloy. Journal of
the Electrochemical
Society, 105(2): 84 (1958).
Sigh, R. N.; and Mishra, I. K. Conditional
probabilities and thermodynamics of binary
molten alloys. J. Physics and Chemistry of

[10]

[11]

22

versus

for Cd-In and Cd-Zn alloys at 800 K

liquids, 18(4): 303-319 (1988).
Awe, O. E.; Odusote, Y. A.; Hussain, L. A.; &
Akinlade, O. Temperature dependence of
thermodynamic properties of Si–Ti binary liquid
alloys. Thermochimica acta, 519(1-2): 1-5
(2011).
Hultgren, R.; Desai, P. D.; Hawkins, D. T.;
Gleiser, M.; and Kelley, K. K. Selected values of
the thermodynamic properties of binary alloys.
National Standard Reference Data System (1973).
Singh, R. N.; Mishra, I. K.; and Singh, V. N.
Local order in Cd-based liquid alloys. Journal of
Physics: Condensed Matter, 2(42): 8457 (1990).
Singh, R. N.; and Sommer, F. Temperature
dependence of the thermodynamic functions of
strongly interacting liquid alloys. Journal of
Physics: Condensed Matter, 4(24): 5345 (1992).
Prasad, L. C.; Singh, R. N.; Singh, V. N.; &
Chatterjee, S. K. Compound formation in Snbased liquid alloys. Physica B: Condensed
Matter, 215(2-3): 225-232 (1995).
Akinlade, O.; Singh, R. N.; & Sommer, F.
Thermodynamics of liquid Al–Fe alloys. Journal
of alloys and compounds, 299(1-2): 163-168
(2000).
Anusionwu, B. C. Surface properties of some
sodium-based binary liquid alloys. Journal of
alloys and compounds, 359(1-2): 172-179 (2003).
Adhikari, D.; Singh, B. P.; Jha, I. S.; & Singh, B.
K. (2010). Thermodynamic properties and
microscopic structure of liquid Cd–Na alloys by
estimating complex concentration in a regular

G. Shrestha and I. Koirala

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

associated solution. Journal of Molecular
Liquids, 156(2-3): 115-119 (2010).
Koirala, R. P.; Singh, B. P.; Jha, I. S.; &
Adhikari, D. Thermodynamic, structural and
surface properties of liquid Cd–Zn alloys. Journal
of Molecular Liquids, 179: 60-66 (2013).
Koirala, I.; Jha, I. S.; & Singh, B. P. Theoretical
investigation on ordering nature of Cd-Bi alloys
in the molten state. Bibechana, 11: 70-78 (2014).
Singh, B. P.; Koirala, I.; Jha, I. S.; & Adhikari, D.
The segregating nature of Cd–Pb liquid binary
alloys. Physics and Chemistry of liquids, 52(4):
457-470 (2014).
Shrestha, G. K.; Singh, B. K.; Jha, I. S.; Koirala,
I.; Singh, B. P.; & Adhikari, D. Theoretical
investigations on thermodynamic properties and
concentration fluctuations of Zn-Sn binary liquid
alloys at different temperatures by optimization
method. Journal of the Chinese Advanced
Materials Society, 5(3): 186-203 (2017).
Bhatia, A. B.; and Singh, R. N. Short range order
and concentration fluctuations in regular and
compound forming molten alloys. Physics and
Chemistry of Liquids an International Journal,
11(4): 285-313 (1982).
Singh, R. N. Short-range order and concentration
fluctuations in binary molten alloys. Canadian
journal of physics, 65(3): 309-325 (1987).
Guggenheim, E. A. Mixtures, Oxford University
Press, London (1952).
Longuet-Higgins, H. C. The statistical
thermodynamics
of
multicomponent
systems. Proceedings of the Royal Society of
London. Series A. Mathematical and Physical
Sciences, 205(1081): 247-269 (1951).
Bhatia, A. B.; & Thornton, D. E. Structural
aspects of the electrical resistivity of binary
alloys. Physical Review B, 2(8): 3004 (1970).
Bhatia, A. B.; and Singh, R. N. A quasi-lattice
theory
for
compound
forming
molten
alloys. Physics and Chemistry of Liquids an
International Journal, 13(3): 177-190 (1984).
Singh, R. N.; Jha, I. S.; and Sinha, S. K. Singh, R.
N., Jha, I. S., & Sinha, S. K. (1991). The
segregation-order transformation in CdNa liquid
alloy. Journal of Physics: Condensed Matter,
3(16): 2787 (1991).
Akinlade, O.; Singh, R. N.; and Sommer, F.
Thermodynamics of liquid Al–Fe alloys. Journal
of alloys and compounds, 299(1-2): 163-168
(2000).
Novakovic, R.; Giuranno, D.; Ricci, E.; Delsante,
S.; Li, D.; and Borzone, G. Bulk and surface
properties of liquid Sb–Sn alloys. Surface
science, 605(1-2): 248-255 (2011).
Wagner, C. N. J. Diffraction analysis of metallic,

[26]
[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

23

semiconducting and inorganic glasses, Journal of
Non-Crystalline Solids, 42(1-3): 3-21 (1980).
Cowley, J. M. An approximate theory of order in
alloys. Physical Review, 77(5): 669 (1950).
Warren, B. E. X-ray Diffraction, AddisonWeseley, Reading, 227 (1969).
Saboungi, M.; Geertsma, W.; and Price, D. L.
Ordering in liquid alloys. Annual Review of
Physical Chemistry, 41(1): 207-244 (1990).
Predel, B. Recent trends and developments of
experimental methods for the determination of
thermodynamic quantities of alloys. Calphad,
6(3): 199-216 (1982).
Hafner, J. Structure and thermodynamics of liquid
metals and alloys. Physical Review A, 16(1): 351
(1977).
Miedema, A. R.; De Chatel, P. F.; & De Boer, F.
R. Cohesion in alloys–fundamentals of a semiempirical model. Physica B+c, 100(1): 1-28
(1980).
Miedema, A. R.; De Boer, F. R.; & Boom, R.
(1981). Predicting heat effects in alloys. Physica
B+ C, 103(1): 67-81 (1981).
Hoshino, K.; & Young, W. H. Entropy of mixing
of
compound
forming
liquid
binary
alloys. Journal of Physics F: Metal Physics,
10(7): 1365 (1980).
Khanna, K. N.; and Singh, P. Entropy of mixing
of liquid metal alloys. Physica B+ C, 114: 174
(1982).
Singh, P.; and Khanna, K. N. Calculation of
entropy of mixing of liquid metal alloys in a hard
sphere system. Pramana, 23(4): 511-518 (1984).
Bhuiyan, G. M.; Alam, M. S.; Ahmed, A. Z.;
Syed, I. M.; & Rashid, R. I. M. A. Entropy of
mixing for
and
liquid binary
alloys. The Journal of chemical physics, 131(3):
034502 (2009).
Vora, A. M. Study of thermodynamic properties
of liquid binary alloys by a pseudopotential
method. Journal of Engineering Physics and
Thermophysics, 83(5): 1070-1079 (2010).

