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Abstract--The  concentration  dependent  thermodynamic
properties of liquid Sodium (Na—TI) and Lead (Pb—TI)
alloys have been explained theoretically using a simple statistical
mechanical model: Four Atom Cluster Model (FACM), to obtain
higher order conditional probabilities of chemical ordering in
liquid binary alloys. The study of free energy of mixing, Gy,
activity,ay, concentration-concentration fluctuations in long
wavelength limits, Scc(o), the Warren-Cowley chemical short-
range order parameter, (CSRO), heat of mixing, H,, and
entropy of mixing. S,,, using the optimized values of order
energy, w, obtained were used to describe the thermodynamic
properties at different concentration and temperature of 673K
and 773K, respectively. From the study, it is observed that the
thermodynamic properties of Na—TI and Pb—TI exhibit
negative deviations hence; this study reveals that both Na-T1 and
Pb-TI are short ranged ordered alloys.

Keywords: Concentration, Short range, Liquid alloys, Hetero-
coordination, Homo-coordination.

I. INTRODUCTION

I n recent times, -calculations of the concentration-
concentration fluctuations in the long-wavelength limits and
local ordering measured in terms of the Warren-Cowley short-
range order parameter for the nearest neighbour sites for
binary alloys have attracted the attention of many researchers
as opined by [1] and[2].

One of the major reasons for this is the fact that, knowledge of
these two important quantities may shed light on the
phenomenon of easy glass formation in many binary liquid
alloys. Thus, enormous works have been done by diverse
theoreticians to include [3], [4], [5], [6], [7]. [8], [9], and [10]
which led to the development of different theoretical models
of [11], [12]and[13].

The calculation of local ordering measured in terms of
Warren-Cowley short-range order (CSRO) parameter of liquid
binary alloys has been improved upon in such a way that we
now have (by way of the four atom cluster model (FACM)) a
more reliable means of calculating the ordering energy, w and
the CSRO parameter, ay and hence a proper understanding of
the degree of order in binary liquid alloys. Essentially, in
FACM a simple scheme is used to connect conditional
probabilities enlisting the occupation of neighbouring sites by
the atoms of the constituent elements in liquid alloys.

One important advantage of the FACM over other available
methods of calculating CSRO parameter is the fact that, in

obtaining this parameter, the model formulation does not
require the assumption of any preferred complexes [1] and
[14]. The implication of this is that, we can obtain
information on the properties of liquid alloys without having
to necessarily look for information on such features like the
phase diagram which normally provides information on the
possible complexes.

In this work, the concentration dependence of thermodynamic
properties as well as the micCSROopic functions of liquid Na-
Tl and Pb-TI alloys have been investigated using the Four
Atom Cluster Model (FACM). However, in using the FACM

a knowledge of the activity ratio,‘;—’*, where A and B are the
B

individual component of the alloy A-B of interest is require as
the only input data. For the present study, we have chosen
Na-Tl and Pb-TI at temperatures 673K and 773K,
respectively.

Apart from a high-academic interest, Na-T| and Pb-TI alloys
have been chosen for investigation because of their great
commercial significant and wide diversity of their physical
and chemical properties. In addition, the experimental data
required for the thermodynamic calculations are available at
the working temperatures. Sodium belongs to group 1A of the
periodic table and is referred to as Alkali metals. This group
of metals is used primarily as reducing agent in
pharrmaceutical perfumery and general chemical industries.
They are volatile and can be distilled out of the reaction
mixtures. Na is used as coolant in the valves of internal
combustion engines and in nuclear reactors. Na is also known
as salts which are used to balance diet in meals. Thallium on
the other hand, has limited uses due to its toxic nature.
Thallium sulfate was employed as a rodent and ant killer.
Because it is odourless and tasteless, its household use has
been prohibited by most countries. Thallium oxide is used in
the production of special glass with a high refractive index
and also low melting glass that becomes fluid at about 125 K.
Little amount is used while visualizing the cardiac function
and tumors in human.

In electronic industry, it is found useful in photo-
resistors, manufacturing of switches, infrared optical
equipment etc. [2], [15] and [16]. It forms a eutectic alloys
with magnesium, lead tin etc, which are resistance to tear and
wear when used in ball bearing for steel shafts. When thallium
is alloyed with tin and lead, the mechanical strain of the
material is increased thereby improving the resistance against
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deformation, hardness and breaking strength which makes it
preferable to use in bearings of machine parts [1]. Thallium
salts is good in the treatment of skin diseases and other
dermatological infections but the high rate of toxicity
compared to the therapeutic benefits limited its medicinal
applications. It is a member of the heavy metals with which
lead, Pb, is among. Lead, a group 14 metal, with atomic
number 82 is highly soft malleable and resistance to corrosion
which made it suitable for pipe making, cables and pipelines.
Lead originates from the combustion of gasoline in car
engine. It is one of the toxic elements, which acts as a
neurotoxin, damaging the central nervous system after stored
in the skeletal system. It is a major constituent of lead-acid
batteries, base metal for organ pipes, electrodes in the process
of electrolysis, glass of television and computer screens,
where it shield the viewer from radiation, ammunitions,
bearings and as weight in sport equipment. Lead enters the
human body through uptake of food, (65%), water (20%), air
(15%). Wine, soft-drink and cigarette also contain significant
amount of lead.

Thallium, when alloyed with lead increases the mechanical
strains of the materials by improving the resistance against
deformation, breaking strength and hardness leading to
preferable uses in bearings of machines parts [1].

In this work, the FACM which has proved to be effective in
understanding the alloying behavior in binary liquid alloys
[17] and [14] has been applied to compute the CSRO
parameter and other thermodynamic properties such as the
free energy of mixing and the concentration— concentration
fluctuations in the long- wavelength limit, Scc(0) for Na-TI
and Pb-T1 liquid alloys.

In the microscopic structural functions, the concentration-
concentration fluctuations in long wavelength limit (S..(0))
has become a necessary guideline to project the structure of
the liquid alloys. The theoretical expressions for (S..(0)) and
the thermodynamic functions of compound forming liquid
binary alloys were later derived by Bhatia and Hargrove[13].

The phase diagrams of Pb-TI alloy shows that there are
presence of three different phases such as , PbTl, , PbTl;, and
PbTl,. The existence of PbTl; has been assumedand its
thermodynamic and structural properties have therefore been
calculated.

Il. FORMALISM OF FOUR ATOM CLUSTER MODEL

The generalized mathematical expression for the grand
partition E of a binary alloy AB consisting of N atoms of

which N, = N, are A atoms, andNy = N(1—C) are B

where ¢‘T are the partition functions of atoms i(4 or B)
associated with inner vibrational degrees of freedom,

pyand ug are the chemical potentials and E is the
configurationally energy at temperature T .Kpis the
Boltzman’s constant. In solving (1), some simplifying
assumptions are essential [2]. These are;

I.  That the interaction between the atoms is short-
ranged and effective only between nearest
neighbours.

Il. That the atoms are located on lattice sites such that
each site has Z nearest neighbours. The lattice sites
are further subdivided into a small cluster of just a
few lattice sites in domain | and the remainder in
domain II.

With respect to the aforementioned assumptions, we could
define parameters P, and€, (i.e. the bond energies for i — j
nearest neighbours) such that:

P, _ose,(i,j = AB) @

Further simplifications of (2) lead to an expression of the
form,

0-12_320-6_330'3_3420 (3)
— %8 (Paa
o= Pa (PBB) (4)
Bl = 1_375 (5)
1
3x(1—
B, = (6)
3x2(1-x/3
B, = X0 (7)
B, = x3 ®)
_ 1= - Bo.
x= n=epld) ©)
w = Z(E4p— (L2 (10)

2

In equation (4), ® = @5/®, and is a constant which has to be
eliminated from the final result; the win (10) is the
interchange energy or order energy for the alloy.

Activity can be connected to o by way of the expression given
by

Cf1 (a, O_) = (1 - C)fz (a' 0_) (11)
Where £, (a,0) and f,(a, o) are defined as

3a303Y  3a20%  ao¥

atoms, can be expressed as : f,(a,0)=a*c" + == + = + = (12)
= = 5quM (T)ap"e (TehbaNasmos, and
363y 3a26%Y | 3ag?Y
1 = 27
B - KB? (1) fZ (a, O') 43 + 44 + 'Zs +1 (13)
In(12) and (13)y = Z — 3.
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A solution of (11) based on the knowledge of ¢ obtained from
the numerical solution of (3) will give us the value of the
activity ratio for a given binary alloy. The value ofa needed in
the calculations should be optimized in such a way that it
gives a good overall representation of activity at all
concentration [17].

The aim of four atom cluster model (FACM) is to be able to
express the degree of chemical short-range order (CSRO) in
terms of probabilities. In order to achieve this main objective,
we observe that in the framework of the model, the probability
of finding an A atom or B atom on any lattice site depends on
the nature of the atoms already present in the neighbouring
sites [1] and[18]. One starts by stating (4,45, A3, A,) as the
probability that all four lattice sites are all occupied by atoms
a, similar probabilities, (i, j, k, 1), say, can readily be reduced

to higher order conditional probabilities such asi]_ik (the

probability of finding i atoms on a given site, while the other
three sites in the cluster are occupied by i,j and i atoms) and
similar others, conclusively, we can write the expression for
the pair wise conditional probability P, as;

G)
(G5 )+ (5F)
In terms of higher-order conditional probability (HOCP), we
can write the terms in (14) as

Pag (14)

& = = 1s)
& = = 19)

The term (B/ABB) in the denominator of (15) can be written

-

Equations (14)-(16) are relevant to this model because they
can be expressed in terms of aand o . Nonetheless, the
results to be obtained are[2].

1

A
( ﬁ) T 1+ac?Lexp (3fw /Z )
A 1
(M) T 1tac?l exp (Bw /Z (18)
L _ aoZLexp (—Bw /Z)
and (AAB) T 1tac?l exp (—fw /Z (19)

The value of P, defined by (14) can then be obtained by
solving (17) through (19).A useful quantity which can be
obtained from the knowledge of P,z is the Warren-Cowley
short-range ordered parameter «;. To obtain this parameter,
we shall recall that for nearest neighbor sites, a; can be
defined as:

a;=1—Py /C (20)
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From a probabilistic approach, the limiting values of
a, lie in the range
~ < <1

1-c — !

-(1-9
C
At equiatomic composition, one has—1 < a; < 1.The
minimum possible value o™ = —1 means complete
ordering of A-B pairs in the melts. Whereas the maximum
value af"™ = +1 suggests that the A-A and B-B pairs in the
melts are totally segregated. A situation in which a; =0
implies a random alloy. Having gotten all the relevant
equations above, we finally have all it takes to use Four Atom

Cluster Model (FACM).

c<3 (21)

Sa1S1,02% (22)

The values of w obtained as indicated above is a major factor
needed to compute the thermodynamic quantities such as the
Gibbs free energy of mixing, G, and the concentration-
concentration fluctuation in the long-wavelength limit,
S (0).In obtaining these we have use

Gy = G + G¥S (23)
G4 = RT[Clnc+ (1—-¢)In(1-0)] (24)
GES = RT[Clny, +(1— O lnys] (25)

where 7, and ¥ are the activity coefficients and are related
to the activity a by the standard equations:

s =cy,r AB=(1-C)yp (26)
—1+2
va="ont (27)
_ B+1-2c /2
v = (o)’ (28)
with
B= (1+4c(l-c)(n?-1)"2 (29)

The concentration-concentration fluctuations in the long-
wavelength limit Scc(0) can be determined using (23) and
the thermodynamic relations suggested by [13] as:

OZGM _ aaA _
S (0) = RT[W]T}P,N =(1- C)Of[glr}w

d _
= ca 52 b (30)
A substitution of eqn.(23) in egn.(30) gives
_ c(1-c)
S0 = Tzt (30)

We have used (23) and (31) to compute G,, and Scc(0)

using an appropriate optimized value of w obtained. It should
be noted that when w approaches zero and S approaches 1 as
a result, the value of S,..(0) approaches the ideal value of c(1-

c).
i.e Scc(0)=c(1-c)=Scc(0)id, the ideal values,
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The heat of mixing, Hy, within the framework of the model
used in this present study is obtained from the thermodynamic
relations:

Hy = Gy — T (%2) (32)

On using (22) for Gy in (32), one gets

b 8RTc2(1—c)A2expazﬁ%) Lo 2
M = (g-1+20)(1+p)(B+1-2¢) (KBdT _7) (33)

And the entropy of mixing is expressed as

HM—-G
Sy = M (34)

Based on the above formalism, all the essential equations
required for the study of ordering of the binary alloys using
FACM have been obtained.

I11. RESULTS AND DISCUSSION

The theory discussed in chapter 2 has been used to
determine the free energy of mixing Gy, the concentration-
concentration fluctuations in the long-wave length limit
S¢c(0),Warren-Cowley short range order a,, enthalpy of heat
Hw and entropy of heat Sy, for Na-T1 and Pb-TI at 673 K and
773 K, respectively.

Equation (30) is usually used to obtain the
experimental values of S..(0) from the measured activity or
free energy of mixing data. Experimental data were taken
from [19]. The values of the temperatures and fitted
interaction parameters used for all calculations are shown in
table

Table 3.1: Values of fitted interaction parameters

Systems T (K) z W (eV) ow/aT
Na-T1 673 10 -0.31 0.02
Pb-T1 773 10 -0.02 0.0008

The optimized values of order energy W, obtained in the
calculations of CSRO parameters a4, from (9) for the alloys
were used to compute other thermodynamic qualities using
(22), (30), (31), (33) and (34). Z, the coordination number was
taken as 10 in the liquid form. The coordination number, Z, in
the liquid phase was taken as 10. When the values of the
interaction energy parameters are well defined, the value of 2z
does not have any significant effect on the results obtained.

The negative value of W indicates that there exists attraction
between the monomers T1, Pb and Na. The theoretical values
of the free energy of mixing Gu/RT are calculated using (22).
The result of the investigation in Fig.1 shows that the
minimum calculated value of Gw/RT is found to be = -
0.76878 and experimental value= - 0.79464 at concentration
or equiatomic value of 0.5. Both the calculated and the
experimental values of Gy/RT are in agreement. The
theoretical values of the enthalpy of mixing Hw/RT are
obtained from (33). Both the theoretical and experimental
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values of the enthalpy have small negative values, revealing
the fact that the system under consideration is a weakly
interacting system. The minimum calculated value of Hy/RTis
found to be = - 0.15488 and the experimental value = -
0.16467 at ¢ = 0.5. Fig.2 shows that both the calculated and
the experimental values are well in agreement.

The theoretical values of the entropy of mixing Sy/R are
obtained using (34).

Both the experimental and the theoretical values of entropy of
mixing are well in agreement Fig. 3.

To take a look at the micCSROopic behaviour of the liquid
alloy, the concentration concentration fluctuation in the long-
wave length limit Scc(0) was calculated. Both the theoretical
and the experimental values are less than the ideal at all
concentrations thereby predicting the ordering (hetero-
coordinating) nature of the Pb-T1 melt at 773K.

There is reasonable match between the theoretical and the
experimental values of the concentration concentration
fluctuation in the long wave length limit fig.4. The nature and
the strength of ordering of the melt can be better known by

estimating the short-range order parameter @y .

At equiatomic composition, the values of a4 lies between - 1to
+1. If ¢y = —1 it indicates total ordering of unlike atoms at
nearest neighbours, if a; =+1, it indicates the total
segregation or pairing of like atoms in the nearest neighbours,
and if a; = 0, it indicates total randomness of the atoms in
the liquid state. The calculated values of a, are obtained from
(19).

It can be shown in table 3.3 that the values of a, are seen to
be negative at all compositions. This further clarifies the
nature of ordering in Pb-T1 liquid alloy at 773 K as an
ordered liquid alloy.

The theoretical investigation in Fig.5 shows that on the free
energy of mixing Gw/RT, the minimum calculated value is
found to be = - 2.20603 while the experimental values of
Gw/RT = -2.21123. Due to higher negative deviation, it
exhibits a tendency for compound formation. Both the
theoretical and the experimental values of G\/RT are well in
agreement. The theoretical and the experimental values of the
enthalpy of mixing HWRT are -2.01707 and
-2.05286 |, respectively at the equiatomic composition ¢ =
0.5. This reveals that in Fig.6, the calculated and the
experimental values are very well in agreement. The
micCSROopic behaviour of the liquid alloy was investigated
and the concentration fluctuation in long wave length limit
Scc(0) was calculated. The calculated Scc(0) values are less
than the ideal S,.“(0) at all concentrations, showing that the
ordering nature of Na-T1 melt at 673K is hetero-coordinating.
The positive deviation from ideal values implies a tendency
for self coordination or homo- coordination i.e like atoms Na-
Na and T1-T1 tend to pair as nearest neighbours. The Scc(0)
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curve exhibits the maximum value of about 0.25 at C; = 0.5. Figure3: Entropy of mixing Sm/RT against concentrations of Tl in Pb-TI
Fig. 7 binary liquid alloy at 773 K.

The negative values of CSRO parameter «a,;, over the
concentration range of Na-Tl, table 3.2, further support a
tendency towards ordering (like atoms pairing) or presence of 4 N\

The blue line represents calculated values while the boxes
represent experimental data taken from[19]

chemical order in the melt, substantiating the negative values
of CSRO parameter a;as shown in table 3.2.
(s )

5=

[
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Figured: Concentration-concentration fluctuations in long-wavelenth limits,
Concentration of Tl Scc(0) against concentrations of Tl in Pb-TI binary liquid alloy at 773 K.

\ J The red line represents the ideal values, blue the calculated
values and the boxes represent experimental data taken

Figure.1: Free energy of mixing GW/RT against concentrations of Tl in Pb-TI

binary liquid alloy at 773 K. from[19]
The blue line represents calculated values while the boxes (s I
represent the experimental data taken from[19]
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Figure 6: Heat of mixing Hm/RT against concentrations of Tl in Na-TlI
binary liquid alloy at 673 K. The blue line represents calculated values while
the boxes represent ex-perimental data taken from[19]

(" )

Concentration

- J

Figure 7: Concentration concentration fluctuations in long-wavelength limit
Scc(0) against concentrations of Tl in Na-TI binary liquid alloy at 673 K.The
red line represents the ideal, blue the calculated values and the boxes
experimental data taken from[19]
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0.8 -0.11356
0.9 -0.06315
1 0

Table 3: Calculated values of Short range order parameter a,for Pb-TI
binary liquid alloy at 773K

Concentration Calculated Values
0 0
0.1 -0.00525
0.2 -0.00933
0.3 -0.01224
0.4 -0.01399
0.5 -0.01457
0.6 -0.01399
0.7 -0.01224
0.8 -0.00933
0.9 -0.00525
1 0

[
o
S~
£
(%]
|

Concentration of Tl

- J

Figure .8: Entropy of mixing Sm/RT against concen-trations of Tl in
Na-TI binary liquid alloy at 673 K.

The blue line represents calculated values while the boxes
represent experimental data taken from[19]

TABLE 2: Calculated Values of Short Range Order Parameter Al1ForNa-TI
Binary Liquid Alloy At 673 K

IV. CONCLUSIONS

The four —atom-cluster model (FACM) has been used in
explaining and prediction of the thermodynamic as well as the
micCSROopic structural properties of Na-T1 and Pb-T1 liquid
alloys at 673 K and 773 K, respectively. The study shows that
both Na-T1 and Pb-TI liquid alloys investigated are hetero-
coordinated liquid alloys. The comparison of results reveals
that calculated values of the thermodynamics properties are
generally in good agreement with the experimental results
except in the entropy of mixing of Na-Tl binary liquid alloy
which may be due to the experimental data used. The
theoretical analysis reveals that both the Pb-T1 and the Na-T1
melts exhibit ordering (preference for unlike atoms pairing as
nearest-neighbour) in nature. The Pb-TI liquid system is found
to be weakly interacting and the interaction energy parameters
are found to be temperature dependent.
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Concentration Calculated Value
0 0
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