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Abstract The effects of temperature on the bulk and sur-

face properties of liquid Zn–Cd alloys have been theoret-

ically investigated, using a combination of self association

model, Darken’s thermodynamic equation for diffusion,

empirical model for viscosity and a statistical mechanics

model. The results from this study show that change in

temperature resulted in cross-over effects in bulk and sur-

face properties. We also found that with an increase in

temperature, a pronounced asymmetry of viscosity iso-

therm is significantly reduced, and viscosity isotherm

exhibited anomalous behaviour. Our results reveal that the

homocoordination tendency in Zn–Cd liquid alloys is not

strong and reduces with increasing temperature. The study

further suggests a pronounced segregation of Cd-atoms at

the surface of Zn–Cd liquid alloys and the extent of seg-

regation reduces with temperature. We as well found that,

in addition to the reported understanding that size-factor

determines the compositional location of asymmetry of the

viscosity isotherm, temperature is an operating parameter

that has effect, not only on the composition of asymmetry,

but also on the magnitude of asymmetry. In all the prop-

erties investigated, the most pronounced effect of temper-

ature (52.9%) is on the viscosity while the least effect

(7.1%) is on the surface tension.

1 Introduction

Many researchers have shown interest in Zn–Cd liquid

alloys for various reasons. These include the knowledge

that Zn–Cd alloys are industrially useful in nanocrystals

(CdZnS) and in optoelectronics (CdZnTe) [1, 2]. In addi-

tion, it has been reported that Zn–Cd liquid alloy system is

one of the systems that has the potential for applications in

bearing assemblies, ballasts, casting, step soldering and

radiation shielding [3, 4]. Also, it is known that smaller

cadmium content in Zn–Cd alloys exhibit lower melting

point, improve both thermal and electrical conductivities

and as well increase mechanical properties like wear

resistance, tensile and fatigue strength [4].

Our interest in the study of temperature dependence of

the bulk and surface properties of Zn–Cd liquid alloys is

due to the fact that, although this liquid alloys have been

studied for decades on the basis of their usefulness, liter-

ature search, to the best of our knowledge, indicates that

the temperature dependence study on the aforementioned

properties of Zn–Cd liquid alloys are yet to be undertaken.

This is quite surprising, because it has been reported in [5]

that, having a knowledge of the behaviours of various

thermodynamic functions of liquid alloys, well above and

well below the melting temperature, is necessary for a good

understanding of the energetics of liquid alloys. Thus, the

availability of needed experimental data of Zn–Cd liquid

alloys at four different temperatures of 743, 780, 800 and

900 K [6, 7] (which are quite above the melting point of

most Zn–Cd liquid alloys, reported to be around 265 �C or

538 K [8]) serves as impetus for this study, which is aimed

at complementing existing studies on Zn–Cd liquid alloys

[1–4, 6, 7, 9, 10].

To investigate the temperature dependence of the bulk

properties of Zn–Cd liquid alloys, we opted for the self
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association model (SAM) [11] reputed for being an

excellent theoretical recipe for calculating the thermody-

namic properties of demixing binary liquid alloys, knowing

that Zn–Cd system belongs to this group [9, 11–15], as it

indicates its simple, eutectic type phase diagram [16, 17].

A combination of the popular Darken’s equation [18] and

an empirical formalism for viscosity and diffusion coeffi-

cient of Singh and Sommer in [19] are employed in our

study of the effects of temperature on the transport or

dynamic properties. The study of concentration depen-

dence of the surface properties of Zn–Cd liquid alloys is

based on the statistical mechanics model [20] commonly

used in the literature [14, 21–23]. In the framework of the

aforementioned model, the effects of temperature on these

properties have also been analyzed.

In Sect. 2, we provided the theoretical formalism we

employed in this work to determine the bulk, surface and

transport properties of Zn–Cd liquid alloys. The results

obtained when the essential theoretical equations obtained

from the formalism for each of the properties are used to

determine the properties profiles at temperatures of 743,

780, 800 and 900 K, are presented and discussed in Sect. 3.

The paper is concluded in Sect. 4.

2 Theoretical formalism

2.1 Self association model for bulk properties

Self association model has been proposed by Singh and

Sommer [18] for studying the properties of binary liquid

alloys that exhibit positive deviation from Raoult’s law.

Essentially, in SAM, Singh and Sommer assumed that a

binary alloy consists of NA ¼ Nc1 atoms of A and NB ¼
Nc2 atoms of element B (where c1 is the concentration of

element A, c2 is the concentration of element B and

c1 þ c2 ¼ 1). Also, it was assumed that all the atoms are

positioned on a set of equivalent sites and the interaction

is effective only between nearest neighbors (each of these

atoms has z nearest neighbors). In addition, the compo-

nents elements A and B in the alloy are considered to be in

the form of polyatomic matrix which gives rise to the

formation of like-atoms cluster, of the type Aj and Bm.

Thus,

jA � Aj; mB � Bm; ð1Þ

where j is the number of atoms in the cluster of type A

matrix while m is the number of atoms in the cluster of type

B matrix.

On the premise of Flory’s approximation (i.e. z ! 1),

the following expression can be written for the Gibbs free

energy:

GM ¼ RT ½ðc1 lnc1 þ c2 lnc2 þ c1 lnð1�bÞþ lnc� þ c1c2cW ;

ð2Þ

where

W ¼ jw; j=m ¼ m; b ¼ 1 � 1=m; c ¼ 1=ð1 � c1bÞ:
ð3Þ

In Eq. (2), R and T are universal gas constant and tem-

perature, respectively, while in Eq. (3), w is the interchange

energy or ordering energy, whose value indicates whether

the atoms in the alloy are perfectly disordered or hetero-

coordinated (unlike atoms paired as nearest neighbours in

preference to like atoms) or homocoordinated (like atoms

paired as nearest neighbours in preference to unlike atoms);

m and W which are both independent of composition but

may depend on temperature, T, and pressure, P are the

SAM parameters.

The following general expressions are usually used to

obtain activity, atðt ¼ A;BÞ:

RT ln at ¼
�
oGM

oNt

�
T ;p;N

ð4Þ

If we put Eq. (2) in Eq. (4) we shall obtain the following

two expressions for activities in the SAM:

ln aA ¼ lnðc1cð1 � bÞÞ þ c2cbþ c2
2c

2 W

RT
ð5Þ

and

ln aB ¼ lnðc1cÞ þ c1ð1 � bÞcð1 � mÞ þ mc2
1ð1 � bÞc2 W

RT
:

ð6Þ

The relationship between the concentration fluctuations in

the long-wavelength limit, Scc(0) and the thermodynamic

properties, i.e. Gibbs free energy of mixing and activities

[24, 25] is given by:

Sccð0Þ ¼ RT

�
o2GM

oc2

��1

T ;P;N

¼ ð1 � cÞaA
�
oaA

oc

��1

T ;P;N

¼ caB

�
oaB

oð1 � cÞ

��1

T ;P;N

ð7Þ

If Eq. (2) is substituted in Eq. (7), we shall obtain the

following expression for the concentration–concentration

fluctuations in the SAM:

Sccð0Þ ¼
c1c2

1 � c1c2gðm;WÞ ; ð8Þ

where in Eq. (8),

gðm;WÞ ¼
2m2 W

RT

� �
� ðm� 1Þ2½c1 þ mc2�
½c1 þ mc2�3

: ð9Þ
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Scc(0) elucidates the nature of mixing (ordering or demix-

ing), while the Warren–Cowley short range order param-

eter, a1 is used to quantify the degree of chemical order/

demixing in the liquid binary alloys. In the framework of

the SAM it can be obtained by:

a1 ¼ F � 1

FðZ � 1Þ þ 1
ð10Þ

where in Eq. (10), Z is the coordination number (usually

taken as 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

neighbours is about 10 [26]) and

F ¼ Sccð0Þ
Sccð0; idÞ

ð11Þ

It should be noted that the Scc(0) in Eq. (11) is as defined in

Eq. (8), and Sccð0; idÞ is the ideal bulk concentration–

concentration fluctuations at long wavelength, defined as

Sccð0; idÞ ¼ c1c2.

2.2 Darken’s equation for diffusion and empirical

formalism for viscosity

According to [18],the link between Darken’s thermody-

namic equation relating self- and interdiffusion with Scc(0)

is given by:

DM

DS

¼ c1c2

Sccð0Þ
ð12Þ

where in Eq. (12), DM is the mutual diffusion coefficient,

DS is the self diffusion coefficient and Scc(0) is the con-

centration–concentration fluctuations in the long wave-

length limit (Eq. (8)).

In [19], Singh and Sommer showed that on the basis of

the relationship between viscosity and the chemical diffu-

sion coefficient of binary liquid alloys, the following two

equations: Eq. (13) (this relates viscosity and the enthalpy

of mixing), and Eq. (14) (this relates viscosity, enthalpic

and entropic effects) are valid.

Dg
g0

¼ �HM

RT
ð13Þ

where Dg ¼ g� g0 (g is the viscosity of the binary mixture

while g0 is the viscosity of pure components in the binary

mixture) and HM

RT
is the enthalpy of mixing of the binary

alloy.

Dg
g0

¼ �c1c2gðm;WÞ ð14Þ

where g(m, W) is as defined by Eq. (9).

2.3 Surface properties model

Bhatia and Singh [20] proposed a simple model that relates

the bulk and the surface properties of binary liquid alloys

through the grand partition functions in the framework of

statistical mechanical theory [27] in conjunction with the

quasi-lattice theory (QLT) [28]. This led to the following

equation which relates the surface (Cs
i ) and bulk (Ci)

compositions:

r ¼ r1 þ
KBT

f
ln
CS

1

C1

þ KBT

f
ln
cS1
c1

¼ r2 þ
KBT

f
ln
CS

2

C2

þ KBT

f
ln
cS2
c2

ð15Þ

where ri (i ¼ 1 or 2) is the surface tension of the pure

components 1 and 2 or A and B of the A�B liquid alloy. In

Eq. (15), the mean surface area of the alloy, f is computed

using:

f ¼
X
i

Cifi ð16Þ

where fi is computed from the relation:

fi ¼ 1:102N
�2
3

A V
2
3

i
ð17Þ

where NA is Avogadro’s number and Vi is the atomic

volume.

Also, in Eq. (15), cið¼ ai
ci
Þ and cs

i ð¼
as
i

cs
i
Þ are the activity

coefficients for the bulk and the surface phase, respec-

tively. In agreement with the concept of layered atomic

structure near the interface, the relationship between ci and

cs
i is assumed to be given by [23, 29–31]:

ln cs
i ¼ rðln ciðCs

i ÞÞ þ t ln ci ð18Þ

where r and t are the surface coordination fractions (these are

fractions of total number of nearest neighbours made by an

atom within the layer in which it lies and that in the adjoining

layer respectively, such that r þ 2t ¼ 1. Thus, r ¼ 1
2

while

t ¼ 1
4

for closed packed structures); ciðCs
i Þ means the

expression for ci is used but with Ci replaced by Cs
i .

To compare the behaviour of Scc(0) in the bulk and at

the surface of liquid Cd–Zn alloys, the concentration

fluctuations for the surface has to be determined. Once the

surface composition is calculated (Eq. (15)), an expression

for the concentration–concentration fluctuations in the long

wavelength limit for the surface phase [32–35] can be

obtained by:

Ss
ccð0Þ ¼

Cs
1C

s
2

½1 þ ðZs=2bsÞð1 � bs� ð19Þ

where bs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ 4Cs

1C
s
2½expð2W=ZskBTÞ � 1�

p
and Zs is

the coordination number of the surface atom expressed as
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Zs ¼ ðr þ tÞZ. The ideal surface concentration–concentra-

tion fluctuations is given by

Ss
ccð0; idÞ ¼ Cs

1C
s
2 ð20Þ

3 Results and discussion

A good understanding of the theoretical formulations pre-

sented in the last section, indicates that the two parameters

needed to perform the present calculations are m (the size

ratio) and W (the energy parameter). In our calculations,

we have chosen at each temperature of interest, the values

of these two parameters that gave an overall good fit to the

computed and the experimental GM and Scc(0). The

experimental values of GM at temperatures of 743, 780 and

800 K are taken from [6], while the experimental values of

GM at 900 K is taken from [7]. The experimental values of

Scc(0) at temperatures 743, 780 and 800 K are obtained

from experimental activities in [6], using Eq. (7), while the

experimental values of Scc(0) at 900 K are obtained from

experimental free energy of mixing in [7], using Eq. (7).

Also, in line with the usual practice [32, 36] the same

values of the fitting parameters employed in the computa-

tion of bulk properties are used in the computation of

surface properties.

The values of m and W employed in our calculations

following the procedure explained in the preceding para-

graph are shown in Table 1. It should be noted that, in this

table, the values of m and W at different temperatures are

not the same. This seems to validate the assumption of

Koirala et al. in [4], that, ordering energy is temperature

dependent(on this premise, they successfully computed the

entropy and enthalpy of mixing of Zn–Cd at 800 K). In

addition, on the basis of the good fits of GM and Scc(0) at all

temperatures of interest (as seen in Figs. 1, 2), we com-

puted the thermodynamic, transport and surface properties.

The results obtained are shown in Figs. 1, 2, 3, 4, 5, 6, 7, 8

and 9 and are discussed below.

3.1 Temperature effects on the free energy

of mixing, GM

RT
and concentration fluctuations,

Sccð0Þ

Equation (2) has been used to compute GM

RT
at four different

temperatures of interest and the results obtained are shown

in Fig.1. The figure shows that, at all temperatures, in the

bulk concentration range 0.2 � CZn � 0.5, there are

obvious discrepancies or deviations between the computed

and experimental data of GM

RT
. These discrepancies or devi-

ations, might be due to the formation of complex or

complexes in Zn–Cd liquid alloys, which SAM formulation

does not account for, as earlier reported in [4]. A perusal of

Fig. 1 also shows that, generally speaking, at all bulk

concentration, CZn, with the exceptions of CZn = 0.30 and

0.42, as temperature increases, j GM

RT
j increases. This is an

indication that, increase in temperature enhances the

atomic interactions in Zn–Cd system. However, at CZn =

0.30 and 0.42, and in the temperature range 743–800 K, the

isotherm of GM

RT
shows cross-over effects. This implies that

for all CZn \0:30, all the values of GM

RT
at 780 K are smaller

than at 800 K, while the reverse is the case when CZn

[ 0:30 and also,for all CZn \0:42, all the values of GM

RT
at

780 K are greater than at 743 K, while the reverse is the

case when CZn [ 0:42.

A closer look at Fig. 1 as well reveal that the effect of

temperature on the GM

RT
of Zn–Cd liquid alloys which

appears to be indistinct, becomes more pronounced when

Table 1 Model parameters

used for the calculations of the

bulk [18] and surface properties

[20] liquid Zn–Cd alloys for

743, 780, 800 and 900 K

Metal/alloy Temperature (K) Atomic volume (cm3/mol) Surface tension (N/m) m W / RT

Cd 743.0 14.3 0.5313 – –

Zn 743.0 10.0 0.7734 – –

Cd 780.0 14.4 0.5217 – –

Zn 780.0 10.1 0.7671 – –

Cd 800.0 14.4 0.5165 – –

Zn 800.0 10.1 0.7637 – –

Cd 900.0 14.6 0.4905 – –

Zn 900.0 10.2 0.7467 – –

Zn–Cd 743.0 – – 1.680 1.135

Zn–Cd 780.0 – – 1.485 1.132

Zn–Cd 800.0 – – 1.310 1.130

Zn–Cd 900.0 – – 1.170 1.100

The data of atomic volume and surface tension are taken from [46]
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CZn � 0:41. In this range of composition, the temperature

increase from 743 K to 900 K led to as much as 14.7%

increase in j GM

RT
j (i.e.when CZn ¼ 0:75, j GM

RT
j ¼ 0:3332 at

900 K, while j GM

RT
j ¼ 0.2841 at 743 K). That, at all tem-

peratures, the value of j GM

RT
j is far less than 3.0 is an indi-

cation that the energy of complex formation in Zn–Cd

liquid alloys is small and hence, Zn–Cd liquid alloys are

weakly interacting systems. This conclusion is in agree-

ment with the report in [4] on the thermodynamic study of

the properties of Zn–Cd liquid alloys at 800 K and the

criteria established by Bhatia and Hargrove in [37],

regarding complex formation in binary liquid systems and
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Fig. 1 Concentration dependence of free energy of mixing, GM

RT
for

Zn–Cd liquid alloys at 743 K (solid curve 1), at 780 K (dotted curve

2), at 800 K (solid curve 3) and at 900 K (dotted curve 4), using

Eq. (2). The bulk concentration of Zn in Zn–Cd is represented by CZn.

The squares, open circles, bullets and triangles are the experimental
GM

RT
for Zn–Cd at 743, 780, 800 and 900 K, respectively, taken from

[6, 7]
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Fig. 2 Concentration dependence of the bulk concentration–concen-

tration fluctuations, Sccð0Þ for Zn–Cd liquid alloys at 743 K (solid

curve 1), at 780 K (dotted curve 2), at 800 K (solid curve 3) and at

900 K (dotted curve 4), using Eq. (8). The computed (computed from

Eq. (11)) ideal values of the bulk concentration–concentration

fluctuations,Sccð0; idÞ is represented by solid curve 5. CZn is the bulk

concentration of Zn in Zn–Cd. The squares, open circles, bullets and

triangles are the experimental Sccð0Þ for Zn–Cd at 743, 780, 800 and

900 K, respectively, taken from [6, 7]
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Fig. 3 Concentration dependence of activity of zinc, aZn for Zn–Cd

liquid alloys at 743 K (solid curve 1), at 780 K (dotted curve 2), at

800 K (solid curve 3) and at 900 K (dotted curve 4), using Eq. (5). CZn

is the bulk concentration of Zn in Zn–Cd. The squares, open circles,

bullets and triangles are the experimental aZn for Zn–Cd at 743, 780,

800 and 900 K, respectively, taken from [6, 7]
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Fig. 4 Concentration dependence of Warren–Cowley short range

order parameter, a1 for Zn–Cd liquid alloys at 743 K (solid curve 1),

at 780 K (dotted curve 2), at 800 K (solid curve 3) and at 900 K

(dotted curve 4), using Eq. (10). CZn is the bulk concentration of Zn in

Zn–Cd
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Fig. 5 Computed diffusivity or diffusion coefficients isotherms of

Zn–Cd liquid alloys at 743 K (solid curve 1), at 780 K (dotted curve

2), at 800 K (solid curve 3) and at 900 K (dotted curve 4), using

Eq. (12). CZn is the bulk concentration of Zn in Zn–Cd
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classification of binary liquid systems as weakly or strongly

interacting systems.

Equations (8) and (11) were used to compute Sccð0Þ (a

thermodynamic quantity useful for the understanding of

alloying behaviour in terms of compound formation and

phase segregation [32]) and Sccð0; idÞ, respectively. The

results of the computations are shown in Fig. 2. In the

figure, we observed that at all temperatures, Sccð0Þ [
Sccð0; idÞ. This is an indication that Zn–Cd liquid alloys

are homocoordinated (in agreement with the reports in

[4, 7, 9]), and that the homocoordination which is weak is

indicated by the relatively low peak at various tempera-

tures, when compared with strongly homocoordinated

alloys like Ga–Tl liquid alloys [9]. The figure also show

that, when the temperature is increased, the position of

maximum Sccð0Þ shifts towards equiatomic composition,

the values of Sccð0Þ at all composition of Zn approach

that of ideal solution (in agreement with the report in [7],

from the study of experimental thermodynamic activity of

Zn–Cd alloys at 800 and 900 K) and becomes nearly

symmetrical about equiatomic composition (in agreement

with the reports in [6, 7]). We observed that the maxi-

mum value of Sccð0Þ reduces when the temperature

increases, indicating that increase in temperature reduces

the degree of homocoordination in Zn–Cd liquid alloys.

Another effect of temperature on Zn–Cd liquid alloys as

seen from the plots in Fig.2 is the cross-over in the

variation of Sccð0Þ. This cross-over occurs when CZn =

0.36, 0.44, and 0.48 at 800, 780 and 743 K, respectively,

relative to Sccð0Þ at 900 K. Thus, at all concentrations of

Zn below these three concentrations, the Sccð0Þ at 900 K
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(solid curve 1), at 780 K (dotted curve 2), at 800 K (solid curve 3) and

at 900 K (dotted curve 4), using Eq. (14). CZn is the bulk
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3) and at 900 K (dotted curve 4), using Eq. (15). The dotted curve 5

represents the ideal values of the surface tension of the Zn–Cd,

obtained from the relation: ridi ¼ rACA þ rBCB and ri (i = A or B).

CCd is the bulk concentration of Cd in Zn–Cd

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

1
2 3 4

5

Cs
Cd

CCd→

Fig. 8 Computed values of the surface concentration, Cs
Cd for Zn–Cd

liquid alloys at 743 K (solid curve 1), at 780 K (dotted curve 2), at

800 K (solid curve 3) and at 900 K (dotted curve 4), using Eq. (15).

The dotted curve 5 represents the ideal values of the surface
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id computed from: Cs

id ¼ C (where C is the bulk

concentration). The bulk concentration of Cd in Zn–Cd is represented
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Ss
ccð0Þ for Zn–Cd liquid alloys at 743 K (solid curve 1), at 780 K

(dotted curve 2), at 800 K (solid curve 3) and at 900 K (dotted curve

4), using Eq. (19). The dotted curve 5 (computed from Eq. (20))

represents the ideal values of surface concentration fluctuations while

the solid curve 6 (computed from Eq. (11)) represents the ideal bulk

concentration fluctuations. CCd is the bulk concentration of Cd in Zn–

Cd
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is greater than that at the respective temperatures while at

all concentrations of Zn above these three concentrations,

the Sccð0Þ at 900 K is smaller than that at the respective

temperatures. Also, as a result of temperature increase,

the magnitude of Sccð0Þ decreased by as much as 35.7%
(i.e. when CZn ¼ 0:7, Sccð0Þ = 0.7092 at 743 K, while

Sccð0Þ = 0.4558 at 900 K).

3.2 Temperature effects on the thermodynamic

activity, aZn and short range order parameter,

a1

Equations (5) and (10) were used to compute the thermo-

dynamic activity, aZn and Warren–Cowley short range

order parameter, a1, respectively. The former is a ther-

modynamic quantity which is a measure of the minimum

Gibbs energy needed to convert Zn atom from its state in

the Zn–Cd solution to the pure state in any proposed

extraction or refining process while the latter is an impor-

tant microscopic function which is relevant for the pre-

diction of the local arrangement of atoms in a liquid binary

alloy [4, 38]. Figures 3 and 4 show the results of the

respective computations of aZn and a1 at the temperatures

of interest. In Fig. 3, we observed that, although, at each of

the temperatures, aZn increases as CZn increases, however,

if each of the aZn isotherms is closely compared with

others, we found that:

1. throughout the entire composition of Zn in the alloy,

aZn at 900 K is lower than at 743, 780 and 800 K.

2. in the range CZn � 0:23, aZn at 780 K though lower

than aZn at 743 K, yet is greater than aZn at 800 and

900 K.

3. cross-over effect occurs at CZn ¼ 0:23, relative to aZn

at 743 K.

4. the change in temperature of Zn–Cd liquid alloys

resulted in as much as 8.4% decrease in the magnitude

of aZn (i.e. when CZn ¼ 0:54, aZn ¼ 0:7735 at 743 K,

while aZn ¼ 0:7083 at 900 K).

In Fig. 4, the plots of a1 at various temperatures show that:

1. at each of the temperatures, the magnitude of a1

increases up to a maximum, as the bulk concentration

CZn increases, and then, the magnitude reduces

towards zero as CZn increases.

2. the bulk concentration of Zn at which the maximum

magnitude of a1 is attained depends on the tempera-

ture, and its position moves away from Zn-rich end

towards equiatomic composition as the temperature

increases.

3. as temperature of Zn–Cd liquid alloys is increasing

from 743 to 900 K, the maximum magnitude and

asymmetry of a1 are reducing.

4. cross-over effects occur at CZn ¼ 0:48, 0.44, and 0.36

when the temperatures are 743, 780 and 800 K,

respectively, relative to 900 K. This corroborates the

cross-over we earlier observed in Sccð0Þ.
5. the change in temperature led to as much as 35.2%

decrease in the magnitude of a1 (i.e.when CZn ¼ 0:81,

a1 ¼ 0.0671 at 743 K, while a1 ¼ 0:0435 at 900 K).

6. that at all temperatures, the maximum magnitude of a1

is though positive, but much less than unity is an

indication that Zn–Cd liquid alloys are weak homoco-

ordinated alloys, and this is in agreement with the

reports in [4, 9].

3.3 Temperature effects on the diffusion

coefficients, DM

DS
and viscosity,Dgg0

It has been reported that transport properties such as dif-

fusivities of metals in the liquid state are needed for many

metallurgical processes and heterogeneous chemical reac-

tions [4]. Also, from practical point of view, viscosity is

reported to be one of the key parameters for design and

optimisation of metallurgical processes [39]. In addition,

Gruner et al. in [40] reported that, a study of viscosity of

liquid alloys will contribute to the understanding of the

relations between atomic structure and physical properties

of alloys since properties like viscosity and diffusion are

strongly sensitive to structural changes with respect to

temperature and composition. Hence, we have extended

our investigation of effects of temperature on the properties

of Zn–Cd liquid alloys, to investigate effects of tempera-

ture on two of its transport properties, namely diffusivity

and viscosity, using Eqs. (12) and (14), respectively. The

results obtained are shown in Figs. 5 and 6. Although, in

these figures, due to lack of experimental data, it is not

possible to compare computed and experimental results,

however, in Fig. 5, the results obtained at 800 and 900 K

are in agreement with that reported in [4, 9] (where at 800

K, the tendency for phase separation is maximum around

equiatomic composition, and at 900 K, minimum diffu-

sivity is 0.4 at CZn ¼ 0:56). Thus, these agreements serve

as evidence of the reliability of the following observations

in Fig. 5:

1. at all temperatures, the magnitude of diffusivity

reduces from unity towards a minimum, and then

increases towards unity as the composition of Zn in the

alloy increases.

2. the magnitude of the minimum diffusivity increases as

the temperature increases.

3. as temperature increases, the asymmetry in the diffu-

sivity isotherms reduces and the composition of Zn

corresponding to the asymmetry moves from Zn-rich
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end towards equiatomic composition. This implies that

as temperature increases, the weak homocoordination

tendency in Zn–Cd liquid alloys becomes weaker.

4. cross-over effects occur at CZn ¼ 0:55, 0.53, and 0.48

when the temperatures are 780, 800 and 900 K,

respectively, relative to 743 K. This is similar to the

cross-over we observed in Sccð0Þ and a1.

5. change in temperature resulted in as much as 35.5%

increase in the magnitude of the diffusivity of Zn–Cd

liquid alloys (i.e. when CZn ¼ 0:82, diffusivity ¼
0:5979 at 900 K, while diffusivity ¼ 0:3854 at 743 K).

In Fig. 6, we observed that the viscosity isotherm of Zn–Cd

liquid alloys at various temperatures is in agreement with

the expected pattern of negative deviation from additive

rule of mixing for a typical homocoordinated alloy [19].

Hence, these isotherms corroborate the earlier observations

that Zn–Cd liquid alloys are homocoordinated alloys. Also,

in Fig. 6, it is significant to note the following about the

relationship between the viscosity of liquid Zn–Cd alloys

and temperature:

1. generally, in the composition range 0� CZn\0:36,

viscosity decreases as temperature increases from

743–900 K. This is in agreement with the known

pattern of relationship between viscosity of liquids and

temperature, as temperature increases, it is expected

that the bonding between Zn and Cd atoms decreases,

and thus, the velocity of the atoms decreases.

2. in the composition range 0.36� CZn � 0.49 and

0.50� CZn � 0.54, viscosity decreases as temperature

increases from 743 to 800 K and from 743 to 780 K,

respectively. When the temperature is higher than 800

and 780 K in the composition ranges 0.36� CZn �
0.49 and 0.50� CZn � 0.54, respectively, anomalous

behaviours occur, in which viscosity increases, as

temperature increases. In the rest of the composition,

0.55� CZn � 1.00, anomalous behaviour also occur

when the temperature increases from 743 to 900 K.

3. temperature has effect on both the magnitude of

viscosity and the composition of asymmetry of the

isotherm. In fact, we observed that as temperature

increases, the magnitude of the minimum value of the

viscosity increases and the composition of Zn corre-

sponding to asymmetry move away from Zn-rich end

towards equiatomic composition.

4. cross-over effects occur at CZn ¼ 0:48,0.44, and 0.36

when the temperature is respectively, 743, 780 and 800

K, relative to 900 K. This cross-over is a direct

opposite of the cross-over we observed in both Sccð0Þ
and a1.

5. change in temperature resulted in as much as 52.9%

increase in the magnitude of the viscosity of Zn–Cd

liquid alloys (i.e. when CZn ¼ 0:82, viscosity ¼

�0:4021 at 900 K, while viscosity¼ �0:6146 at

743 K).

The anomalous occurrences noted above, are so named

because the pattern they exhibited is contrary to the

usual pattern of viscosity decreasing when the tempera-

ture is increasing, and the anomalous is similar to that of

the viscosity of In–Sb liquid alloys around 1073 K or

between 1023 and 1073 K (where viscosity increases

suddenly as temperature increases [41]). Furthermore, on

the premise that viscosity of liquids depends, to a great

extent on the movement of species (atoms or molecules

or ions) and thus, on the bonding and the configuration of

the species [41, 42], we conjectured that the highlighted

anomalous in the viscosity Zn–Cd may be due to

anomalous change in the structure of Zn–Cd liquid

alloys.

3.4 Temperature effects on the surface tension, r,

surface concentration, Cs and surface

concentration fluctuations, Ss
ccð0Þ

It has been reported that the study of surface phenomenon

in binary liquid alloys is an important adventure since

knowledge of surface phenomenon is of great relevance

from a metallurgical and catalytic point of view

[28, 32, 43–45]. Hence, we included the study of temper-

ature effects on three surface properties of Zn–Cd liquid

alloys: surface tension, r, surface concentration, Cs and

surface concentration fluctuations, Ss
ccð0Þ. Equations (15),

(19) and (20) were used to compute surface tension (sur-

face concentration is also computed from the simultaneous

solution of Eq. (15)), surface concentration fluctuations and

ideal surface concentration fluctuations, respectively. The

values of input parameters in these equations are given in

Table 1.

The results of effects of temperature on the surface

tension and the surface concentration are shown in

Figs. 7 and 8, respectively. Also, it is worth noting that,

as a result of lack of experimental data, which is the

case with many metallic solutions (possibly due to

reported experimental difficulties associated with mea-

suring surface tension [4, 15]), we can not compare

computed and experimental results (the only experi-

mental surface properties data of Zn–Cd liquid alloys we

found in literature [47] is at 730 K, which is outside the

temperatures of interest). However, we are of the opin-

ion that since the model we employed has been used by

many researchers successfully to compute surface prop-

erties [4, 9, 14, 23, 30], the results obtained in Figs. 7

and 8 are reliable. In the two figures, we found the usual

pattern of surface tension reducing with increasing

concentration while surface concentration is increasing
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with increasing composition. This is a signature that the

surface of Zn–Cd alloys has more of Cd atoms than Zn

atoms or that Cd-atoms (having lower surface tension

relative to Zn-atoms) segregate at the surface at all bulk

concentrations, and it agrees with the reports in [4, 9].

This segregation is to minimize the system’s internal

energy. Also, in Fig. 7, we observed that surface tension

decreases with increasing temperature over the entire

bulk concentration or that the temperature coefficient of

surface tension, dr
dT

remains negative over the entire bulk

composition. This is an indication that increasing tem-

perature reduces the degree of segregation at the surface

which may be as a result of retrogressive dissociation at

the surface of Zn–Cd liquid alloys. A closer study of

Fig. 7 shows that the change in temperature resulted in

as much as 7.7% decrease in the r of Zn–Cd liquid

alloys (i.e.when CZn ¼ 1:00, r ¼ 0:5303 at 743 K, while

r ¼ 0:4893 at 900 K).

In Fig. 8, we observed that the segregation of Cd atoms

at the surface of Zn–Cd liquid alloys is so enormous that

for bulk concentration,CCd ¼ 0:1(10%), the surface con-

centration of Cd is 0.6615 (66.15%) at 743 K, 0.6525

(65.25%) at 780 K, 0.6483 (64.83%) at 800 K and 0.5968

(59.68%) at 900 K. Also, this figure further shows that the

extent of Cd segregation at the surface decreases with

temperature (this is similar to the observation of Prasad and

Mikula in [36] on the effect of temperature on the surface

properties of Cu–Sn liquid alloys). A closer look at the

various isotherms in Fig. 8 also reveals that change in

temperature caused as much as 9.1% decrease in the sur-

face concentration of Cd in the Zn–Cd liquid alloys (when

CCd ¼ 0:13, Cs ¼ 0:7508 at 743 K, while Cs ¼ 0:6826 at

900 K).

Figure 9 shows the results of effect of temperature

dependence on the surface concentration fluctuations of

Zn–Cd liquid alloys. Although, not much has been known

about this surface property up till date, hence, experimental

data are not available for comparison, in the computed

results, we observed that, at all temperatures, the computed

Ss
ccð0Þ is greater than the ideal Ss

ccð0Þ. This shows that Zn–

Cd liquid alloys are homocoordinated alloys, as we have

earlier observed in the bulk properties study. Additional

notable effect of temperature on the surface concentration

fluctuations are:

1. cross-over effect occurs at CCd ¼ 0:08, relative to

Ss
ccð0Þ at 900 K. This is similar in behaviour to the

cross-over we observed in aZn.

2. change in temperature resulted in as much as 28.2%

increase in the magnitude of the surface concentration

fluctuations of Zn–Cd liquid alloys (i.e. when

CCd ¼ 0:17, Ss
ccð0Þ ¼ 0:2187 at 743 K, while Ss

ccð0Þ ¼
0:3048 at 900 K).

4 Conclusions

The theoretical study of the bulk and surface properties of

liquid Zn–Cd alloys over a wide range of temperatures has

shown that increase in temperature,

1. resulted in the reduction in the degree of homocoor-

dination in Zn–Cd liquid alloys.

2. led to cross-over in both bulk (transport properties

inclusive) and surface properties.

3. caused anomalous behaviour in the viscosity of Zn–Cd

liquid alloys.

4. has effect on both the position and the magnitude of

asymmetry in concentration fluctuations, short-range

order parameter, diffusivity and viscosity.

5. resulted in decrease in the magnitude of bulk proper-

ties quantities (with the exception of the transport

properties, where it resulted in increase in the magni-

tude) while it caused increase in the magnitude of the

surface properties quantities.

6. has most pronounced effect on the viscosity (52.9%)

and least effect on the surface tension (7.1%).

In addition, a comparison of the values of m obtained by

fittings (1.680 at 743 K, 1.485 at 780 K, 1.310 at 800 K and

1.170 at 900 K, as shown in Table 1) and that computed at

the melting points (1.430 at 743 K, 1.416 at 780 K, 1.426 at

800 K and 1.431 at 900 K, all obtained from [46]) shows

that, within the limits of computational and experimental

errors, as temperature is reducing, the value of m obtained

by fitting is getting close and closer to that obtained at the

melting point. This seems to suggest that the effect of size

on the properties of Zn–Cd liquid alloys considered (bulk

and surface properties) becomes more significant as the

temperature is reducing or at lower temperature and vice

versa.

The study also reveal that the characteristics behaviour

of viscosity for a given binary liquid alloys known to be

dependent on the coupled effects of energetic and size

factor [19], as well depends on temperature. Thus, in

addition to the reported understanding that size factor,

W determines the composition of asymmetry of the vis-

cosity isotherm in a typical alloy, our results indicate that

temperature is another quantity that has effect on the

composition of asymmetry [19].

Additionally, from Table 1, we observed that although

all the W values at temperatures of interest are all positives

(confirming that Zn–Cd liquid alloys are homocoordinated

alloys), as temperature is increasing, the value of W is

reducing. This is a signature of Zn–Cd liquid alloys losing

their weak homocoordination tendency or an indication

that the disassociation tendency in Zn–Cd liquid alloys is

approaching ideality as temperature is increasing, and this

agrees with the report in [7].
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