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A QUASI-LATTICE MODEL FOR THE 
THERMODYNAMIC PROPERTIES OF Au-Zn 

LIQUID ALLOYS 

L. C. PRASAD* and R. N. SINGH 

Department of Physics, *Department of Chemistry, T. N. B. College, 
Bhagalpur University, Bhagalpur-812007, India. 

(Receiued 15 November 1989) 

The quasi-lattice model developed by Bhatia and Singh’-’ has been applied to understand the alloying 
behaviour of Au-Zn liquid alloys. The large negative values of ordering energy and chemical short range 
order parameter indicate heterocoordination in Au-Zn melt. The dip in concentration fluctuations in long 
wavelength limit and larger negative value of excess free energy of mixing at C = f suggest the existence 
of 1-1 type of complexes (AuZn) in the liquid alloys. This makes us believe that Au-Zn liquid alloys with 
symmetrical properties of mixing belong to strong interacting system. 

K E Y  WORDS: Short range order parameter, binary alloys 

1 INTRODUCTION 

The thermodynamic properties of strong interacting binary liquid alloys can be 
successfully explained by quasi-lattice model developed by Bhatia and 
The model, in essence, assumes the existence of chemical complexes, ApBv [ p A  + 
vB = ApBv, p and v are small integers and A and B are constituent species] 
which are in chemical equilibrium with the unassociated atoms of the alloy. Further, 
they have considered that the energy of a given nearest neighbour bond is different 
if it  belongs to the complex than if  it does not. The model has already been used to 
explain the asymmetry of the properties of mixing of systems like Li-Pb, Mg-Bi, 
Ag-A1 etc. Special attention has been given to concentration fluctuations [Scc(O)] in 
the long wavelength limit, and the chemical short range order parameter (CSRO). 

Recently, Gerling and Prede13 carried out an experimental investigation on Au-Zn 
system. It  is different from other strong interacting systems in that the excess free 
energy of mixing (Gg) is as low as -20.907 KJ/mol but C; and heat of mixing are 
almost symmetrical around the equiatomic composition. Their results reveal an 
existence of 1 - l(p = v = 1)  type of association of medium strength in the molten 
state. However, this could better be understood if one considers Scc(0) and CSRO. 
We plan here to apply the quasi-lattice model of Bhatia and Singh’ to understand 
the alloying behaviour of Au-Zn liquid alloys. We apply it to compute activity, excess 
free energy of mixing (G;)), excess entropy of mixing (S;), concentration fluctuations 
in the long wavelength limit [Scc(O)] and the chemical short range order parameter 
(ml) as a function of concentration and temperature. 

In Section 2 ,  the general expressions of quasi-lattice model are briefly summarised 
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2 L. C. PRASAD AND R .  N. SlNGH 

and are reduced to simple expressions for p = v = 1. Numerical values of the 
thermodynamic properties including Scc(0) and CSRO have been presented in Section 
3 and are discussed in the light of experimental  observation^^-^. A short conclusion 
is provided in Section 4. 

2 FORMULATION 

For strong interacting binary liquid alloys, Bhatia and Singh' assumed the existence 
of appropriate privileged group or chemical complexes ApBv,  all in chemical 
equilibrium with unassociated atoms A and B of binary alloy. The grand partition 
function was solved by assuming that the energy of a given nearest neighbour bond 
is different if it belongs to the complex than if it does not. This has allowed them to 
obtain an expression for the activity ratio y [ = y A / y B  where y A  and y B  are activity 
coefficients of A atom and B atom respectively], 

(1) In ")' = In 6 + (Z/~K,T)(PAAA&AA - PBBAEBB) + 4 
where Z is the coordination number and 4 is a constant independent of concentration 
but may depend upon temperature and pressure. P i j  denote the probability that i-j 
bond is a part of the complex and is given by 

PA, = C"-'(l - c)"-'[2 - c"- ' ( l  - c)"-'] 
PA, = C"-2(1 - C)"[2 - C"-2(1 - C)"], p 2 2 

P,, = cy 1 - C)" - 2 [2 - CP(1 - c)"-*], v 2 2 

(2) 

(3) 

(4) 

qj denote the energy of i-j bond if it is free bond and [eij + Acij] denote its energy 
if the i-,j bond is one of the bonds in the complex ApBv .  The first term in Eq. (1) is 
given by 

1 - c p + 2 c  - 1 
c p - 2 c + 1  

Z In 6 = i z  In ~ 

has been set as follows, 

p = [l + 4C(l - C)(q2 - 1)]'/* (6) 
where 

( P A A  PBB)'" 
v l =  

P A B  

pij in Eq. (7) stand for 

p ,  , = 
LJ 

- [E , ,  + P, ,AEuI/KBT 

In view of Eqs (7) and (8), we may write 
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THERMODYNAMICS OF Au-Zn LIQUID ALLOYS 3 

which is usually termed as ordering energy. The above expressions simplify con- 
siderably if one considers that the likely complexes to be formed are of A B  type 
( p  = v =  1). Eq. (2) to (4) become 

PA, = 1 and P A ,  = PBB = 0 (1 1) 

and expression (9) reduces to 

1 2 ( ~  + ZAEAB) [ ZKBT 
‘1’ = exp 

The expression for activity ratio y simplifies as 

1-cp+2c -1  
c p - 2 c + 1  

l n y = z l n 6 = $  Z ln -  

Bhatia and Singh’ further noted that there exists an exact relation between y and 
G;ls i.e. 

G; 
,f ’(c) = In y ,  f ( c )  = ~ 

NKBT 

where prime indicates first differential with respect to C. Therefore, 

This leads to expressions for activity as 

The expression for entropy of mixing can easily be obtained from Eq. (1 5) and by 
using standard thermodynamic relation, 
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and 

L. C. PRASAD A N D  R. N. S l N G H  

S X S  - - - R[C In y A  + (1 - C) In Y B ]  

8RC2(1 - C)*v2 
- 

(/3 + 2 c  - 1)(P - 2 c  + 1)(p + 1) 

1 [- KB d T  KB 7- 

1 d ( 0  + ZAEAB) w + ZAEAB - 

The concentration fluctuations in the long wave length limit thus becomes 

Equations (20) and (15) yield, 

Scc(0) = C(1 - C )  1 + tz ~ - 1 [ (; )I-' 
Finally, the expression of Warren-Cowley short range order (SRO) p a r a m e t e F ,  m l ,  
for the nearest neighbour site simplifies to 

2 ( 0  + ZAcAB))-  '1 
= C(l - C) exp a1 

(1 - [ ( Z K B T  

3 RESULTS AND DISCUSSION 

3.1 Activity 

The numerical values of activity (azn) have been obtained from Eq. (16) where the 
energy term (w + ZAEAB) and the coordination number Z are basic inputs. In liquid 
and amorphous state, the atoms are randomly distributed in a nearly closed packed 
structure and therefore the coordination number for nearest neighbour shell is about 
10 (See Waseda'). So far as the energy term is concerned there is no well defined 
method to determine it. In principle, it can be determined by using pairwise 
interactions of pseudo-potential but very little progress has been done in 
this direction. We further note that both w and AEAB are independent of concentration 
but may depend on temperature and pressure. Therefore, we express (w + ZAEAB) as 
W ,  an energy parameter. For want of better information, we suggest that W can be 
determined from observed free energy of mixing at equiatomic composition i.e. 

G ; / N K B T  = In 2'12[1 + exp( - W / Z K B T ) ] - " 2 Z  (23) 

The observed data of Gerling and Prede13 for Au-Zn liquid alloys suggests that 
W / K B  T is equal to - 7.2789 at 1173°K. On the other hand, the data by Hultgren et 
~ 1 . ~  at C = 1/2 yield W / K B T  = -7.6936 at 1080°K. We therefore simply express 

W = A + B T  (24) 

where the coefficients A and Bare - 12.509428 KBT and 0.0044591 K ,  respectively. 
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THERMODYNAMICS OF Au-Zn LIQUID ALLOYS 5 

Table 1 Activity of Zn(u,,) of Au-Zn liquid alloys. 

Theory Experimental4 

T = 1080°K T = 1173°K T = 1080°K 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

0.000 1 1 
0.00056 
0.00257 
0.01185 
0.0 5 0 9 0 
0.16822 
0.3848 3 
0.64146 
0.85931 

0.000 16 
0.00080 
0.00349 
0.0 1493 
0.05860 
0.17979 
0.39465 
0.64628 
0.8 6042 

0.000 12 
0.0005 1 
0.003 12 
0.01360 
0.05350 
0.17200 
0.39000 
0.65000 
0.85600 

17 The computed values of activity at T = 1080°K and T = have been 
tabulated in Table 1 along with the experimental values of Hultgren et uI4. From 
Table 1 it is apparent that the theoretical and the experimental values are in good 
agreement. Our values suggest that activity is very sensitive to temperature and the 
magnitude of a,, increases with the increase in temperature. 

We may recall that the activity is one of those thermodynamic functions which 
can be measured directly from the experiment and therefore, can be used with greater 
confidence to check the validity of the theoretically derived expressions. 

3.2 Excess Free energy of' mixing ( G Z )  and concentrution fluctuations in the long 
wave length limit [Scc(O)] 

Equation (15) has been used to compute excess free energy of mixing GZ as a function 
of concentration at 1080°K and 1173°K. The energy parameter is same as that used 
in the computation of activity. The computed values of G S  are plotted in the lower 
part of Figure 1, and are compared with the experimental  observation^^-^. The 
theoretical and experimental values are in good agreement. 

We observe that GG of Au-Zn liquid alloys is quite symmetrical around C = 1/2 
and exhibits minimum around equiatomic composition. It is as low as 
- 20.907 KJ/mol. which is close to the values for other strong interacting liquid alloys 
namely Mg-Bi (GZ 'v -21.79 KJ/mol) and Li-Pb (GZ N -22 KJ/mol). This 
indicates that Au-Zn liquid alloys belong to a very strong-interacting system. 

With this in mind, we have computed Scc(0) which is widely used to explain the 
nature of interactions" in binary liquid alloys. The same energy parameter has been 
used in Eq. (21) to compute Scc(0) as a function of concentration. These are plotted 
in the upper part of Figure 1. The computed results are also compared with the 
values obtained directly from the activity data i.e. 

(25 )  
CAuUZn 

(%"PCZ")7. P. N 
Scc(0) = 
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6 L. C. PRASAD AND R. N. SlNGH 

1 .o 

Figure 1 Lower part: Excess free energy of mixing (Gg KJ mol- ' )  of Au-Zn liquid alloys at different 
temperatures. (-) theory at  1080"K, (-----) theory at 1173"K, (0000) refer to experimental4 
values at 1080°K and (AnAh)  denote experimental' points at 1173°K. Upper Part: Concentration 
fluctuations at q = 0 [Scc(O)] of Au-Zn liquid alloys at different temperatures (-) theory at 1080°K 
and (------) theory at 1173°K. (0000) refer to experimental4 values at 1080°K and (-,-.-.-) denote 
Scc'd(0). 
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THERMODYNAMICS OF Au-Zn LIQUID ALLOYS 7 

Scc(0) computed from Eq. (25) are usually termed as experimental values. Though 
it can be measured directly from small angle scattering measurements, but due to 
involved complexities no such measurements exist. 

Scc(0) computed from theoretical expression (21) and that from Eq. (25) are in good 
agreement. The figure shows a distinct minimum at equiatomic composition with 
maximum on either side. It clearly indicates that 1-1 complex (Au-Zn) exists in the 
molten state. Obviously, the stability is maximum at C = 1/2. Singh" has pointed 
out that the point of inflection in Scc(0) corresponds to W/K, T 2: - 2.6 for 2 = 8 
and W/K, T N - 3.3 for Z = 12. There is no minimum in Scc(0) for W/K, T greater 
than these values but exhibits only maximum at C = 1/2. It may be noted that the 
value of W/K, T for Au-Zn is much smaller (2: - 7.69) than the values assigned to 
obtain inflection in Scc(0). This simply indicates that the bonding between nearest 
unlike atom is quite strong around the equiatomic composition. 

3.3 

Warren-Cowley short range order ~a ra rne te?~  is widely used to understand the 
nature of ordering in nearest neighbour shell of binary liquid alloys. Since the work 
by Bhatia and Singh', it has become possible to compute a,  as a function of 
concentration from the knowledge of ordering energy and the coordination number. 
Recently Singh" has discussed in detail the nature of order parameter and the impact 
of Wand Z on a l .  We therefore, have used Eq. (22) to compute a1 for Au-Zn liquid 
alloys. The energy parameter W and the coordination number 2 are same as used 
in the derivation of activity, GZ and Scc(0). The computed values at 1080°K and 
1173°K are plotted in Figure 2. We observe that ctl is negative at all concentrations 

Chemical short range order parameter ( a l )  

- . 50  t 
Figure 2 Chemical short range order parameter (a , )  of Au-Zn liquid alloys at different temperatures 
(-) theory at 1080°K and (-----) theory at 1173°K. 
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8 L. C. PRASAD AND R.  N. SlNGH 

and symmetrical at C = 1/2. The maximum hetero-coordination (preference of unlike 
atoms as nearest neighbours) occurs at equiatomic composition. a1 at C = 1/2 has 
been found to be equal to - 0.366 at 1080°K and - 0.348 at 1173°K. We may recall 
that for complete ordering a1 is - 1 at equiatomic composition. Our computed values 
suggest that at 1080°K the ordering is only of the order of 37% and thus hetero- 
coordination is not complete in the nearest neighbour shell. 

3.4 

Lastly, we used Eq. (19) to compute excess entropy of mixing S z ,  as a function of 
concentration. Here, one requires the value of dW/dT.  At first place, we have tried to 
determine it from Eq. (24) which was in turn used to determine S;. We found that 
a simple relation like Eq. (24) cannot be used successfully to explain Sz. In this 
connection we may refer to the work by Singh et d." who have also experienced a 
similar problem while working with Li-Mg system. Contrary to this, they have 
suggested that dW/dT should be determined from the observed heat of mixing at 
C = 1/2 i.e. 

Excess entropy of mixing ( S z )  

1 dW W 
_ -  [ ( Z [ T ) ] - ' [ %  dr - e] H M  - -0.5 1 + exp ~ 

RT 

We have used the observed value of H ,  at C = 1/2 of Gerling and Prede13 to 
determine l /K , (dW/dT)  from above equation. The latter is then used in Eq. (19) to 
compute Sx,S as a function of concentration. These are plotted in Figure 3 and are 

Czn --+ 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

5 \ / ' ,& 
O C . \ '  ' ' ' ' ' ' . 

4 '\ , - * I  - 
-2  - \ 

- a 3  c 

/ 
' A  * '\ 

/ 

/' A 

Figure 3 
(AAA/,) refer to experimental3 values. 

Excess entropy of mixing ( S z / R )  of Au-Zn liquid alloys at T = 1173°K. (-----I theory and 
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THERMODYNAMICS OF Au-Zn LIQUID ALLOYS 9 

compared with the experimental values3. The two are in reasonable agreement with 
one another likewise other thermodynamic properties. SG is also symmetrical about 
C = 1/2 and exhibits minimum at equiatomic composition. 

4 CONCLUSION 

The quasi-lattice model for compound forming molten alloys successfully explains 
the thermodynamic properties like activity, excess free energy of mixing, concentra- 
tion fluctuations in the long wavelength limit, short range order parameter and excess 
entropy of mixing of Au-Zn liquid alloys. The large negative values of W and a1 
indicate heterocoordination in the Au-Zn melt. Scc(0) exhibits maximum stability 
around the equiatomic composition. Scc(0) has a distinct dip at C = 1/2 with maxima 
on either side. The large negative values of GX,S and the dip in Scc(0) suggest the 
existence of complexes Au-Zn in the vicinity of equiatomic composition. The 
minimum values of SG and x 1  at C = 1/2 further substantiate the above observa- 
tion. Au-Zn liquid alloys have been found to be different from other strong interacting 
systems because most of the properties of mixing are symmetrical around C = 1/2, 
which is usually not found in other strong interacting systems. 
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