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The thermodynamic and microscopic structure of Ag—Al liquid alloy
at 1273 K has been studied by using regular associated solution model.
This model has been utilised to determine the complex concentration
in a regular associated solution of Ag and Al. We have then used the
complex concentration to calculate the free energy of mixing, enthalpy of
mixing, entropy of mixing, activity and concentration fluctuations in long
wavelength limit Scc(0) and the Warren—Cowley short-range parameter «;.
The analysis suggests that heterocoordination leading to the formation of
complex Ag;Al is likely to exist in the liquid but is of a weakly interacting
nature. The theoretical analysis reveals that the pairwise interaction
energies between the species depend considerably on temperature and the
alloy is more ordered towards Ag-rich region. The alloy behaves like a
segregating system in Al-rich region.

Keywords: thermodynamic properties; short-range order; complexes

1. Introduction

A large number of binary liquid alloys exhibit interesting behaviour with respect to
a function of concentration as regards to thermodynamics properties. The properties
of mixing are not symmetrical about equiatomic composition. They deviate
maximally from those of ideal alloys. The partial excess free energies and entropies
show an S-shaped curvature in their compositional dependence and the heat of
mixing and excess free energy of mixing are large negative quantities at one or other
concentration [1-3]. Such anomalous behaviour of these liquid alloys have prompted
several investigators to propose the existence of ‘associations’, ‘complexes’ or
‘clusters’ [4-10]. Further, the formation of compound in solid state led many
theoreticians to believe that ‘complexes’ or ‘pseudomolecules’ might exist in the
liquid state. Various theoretical models [5,9-11] based on the assumption of
complexes in liquid state are being used to investigate alloying behaviour of binary
alloys. The relationship of concentration fluctuation in long wavelength limit, Scc(0)
with activities [10] and free energy of mixing can also be understood in terms of the
presence of complexes. It is proper to mention that Scc(0) has emerged as a powerful
microscopic function to visualise the nature of chemical order in the alloy [9,11-13].

Jordan [5] evaluated the thermodynamic equation for liquidus curve of a binary
system with congruently melting semiconductors Zn—Te and Cd-Te by assuming
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complexes or associations in liquid phase to be present. Jordan also derived the
approximate activities of the unassociated species and complexes by treating
the solution of unassociated species and complexes as regular ternary solution and
termed such solution as a regular associated solution. Jordan, however, assumed
that both the unassociated species interact equally strongly with the complex.
Lele and Rao [14] applied Jordan’s analysis with some correction to estimate the
complex concentration in a regular associated solution and used it to compute the
thermodynamic functions of Mg—Sn and In—Sb system in liquid state. In this study,
we have used regular associated solution model to compute thermodynamic
functions as well as microscopic functions (concentration fluctuation in long
wavelength limit Scc(0) and Warren—Cowley short-range order parameter «; [15,16])
for Ag—Al alloy in liquid state, which is known to be associated as Ag;Al.

Asymmetry in various properties of mixing of Ag—Al alloys in molten state is
noticed around equiatomic composition. The size factor (24,/241=1.03; Q being
the atomic volume) and electronegativity difference (Ex, — £41=0.32) are not large
enough to account for the anomalous behaviour of mixing properties. The phase
diagram of Ag—Al alloy from Shunk and Pearson manifests the presence of Ag;Al
and Ag,Al intermediate phases in the solid state [22]. Several experimental evidences
clearly demonstrate that the asymmetric behaviour for a large number of liquid
alloys occur at or near the stoichiometric composition where stable intermetallic
compound exists in the solid phase. It is, therefore, natural to propose that the
‘chemical complexes’ or ‘psedomolecules’ exist in the liquid phase near the melting
temperature. An appropriate estimation of the stoichiometry of complexes in the
liquid alloy is usually made by an analysis of the physical properties and also from
the phase diagram. For simplicity, we assume the AgzAl complexes to explain the
structural and energetic asymmetry of liquid Ag—Al alloy.

In the next section, the basic expression for the formalism used in the calculation
is presented. Section 3 gives the results and discussion of this work and the
conclusions are outlined in Section 4.

2. Formalism

Let there be three species in equilibrium in the liquid alloy, namely, monomers
A(=Ag), B(=Al) and A,B(=Ag;Al) molecules in the respective concentrations na,
ng and na,p moles. Considering a solution of n; atoms of A and n, atoms of B,
the formation of nap complex requires n; = na + pna,p and ny = ng +na p for
conservation of mass in the partially associated solution. When there is association,
the thermodynamic behaviour of complexes A and B components is governed by
their true mole fractions x4, x and xa,p rather than their gross mole fraction x; and
X», where

ny n
x| = , Xy = (D
ny +np ny +m
na ng nA,B
XA and xa,B = L 2)

=, XB = —— .
nA + N+ NA,B nA +ng +na,B nA +ng + na,B
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Using Equations (1) and (2), the two sets of mole fractions are related to each
other by the relations

XA = X| — pX2Xa,B, XB = X2 — (I — px2)xa,B- (3)

Prigogine and Defay [17] have shown that in associated solutions, the gross
chemical potentials of components | and 2 are equal to the chemical potentials of the
monomeric species A and B. Following Jordan [5], the activity coefficients yA, vp
and ya,p of monomers and complex can be expressed in terms of pairwise interaction
energies through

RTInya = xpo1p + szpBCUB + xBxA,B(@12 — w23 + W13) (4a)
RTInyg = xiﬁngs + XA012 + XaXA,B(@23 — @13 + @12) (4b)
RTInyapp = Xao13 + xgon3 + XBXA,B(w13 — w12 + @23), (4c)

where w;», w13 and w3 are the interaction energies for the species A, B; A, A,B and
B, A,B, respectively, T denotes the temperature and R the universal gas constant.
The equilibrium constant for the reaction A,B <= pA + B is given

k= SAYBVAYS )
XA,BXA,B
Thus, using Equations (3) to (5), one gets
x? xp w12
Ink =In(=4 — [pxp(1 —
n n< Xap ) + RT[pr( XB) + xa]
w13 w33
+ R—T[pr,,B(l —xa) —xa] + ﬁ[xA,,B(l — pxg) — Xg]. (6)

Now using the equations listed above, the integral excess free energy AG™ is
given by

RT

AG* o
(1 + pxa,B)

= ————(XAXB®WI12 + XAXA,BWI3 + XBXA,B®23) +
(1 +pxa,B)

X (xaInxa +xpInxg + xa,BInxa,8) — RT(x; Inx; + x2Inx7)

XA,B

—— RTInk. 7
(1 + pxa,B) @

Once the expressions for AG(=AG™ + RT(x; In x| + x; In x,)) is obtained, other
thermodynamic and microscopic functions follow readily. Enthalpy of mixing,
entropy of mixing and concentration fluctuations in the long wavelength limit are
related to AG through standard thermodynamic relations

AH = AG — T(aA—G> , (®)
T ), p
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AH — AG
AS = —F )
PAG\ ™!
Scc(0) = RT(@) > (102)
T.p

Sec®) = (1 - CO)a (g‘g)

8a2 )_1
ol (10b)
(3(1 -OJrp
where C (=xay) is the concentration of A component in the alloy. Using
Equation (7) in Equations (8) and (10), we obtained the expressions for AH and
Scc(0) as follows:

1 T
AH=— 5 S
(I + pxa ) (XAXB®W12 + XAXA,BOI3 + XBXA,B®23) (I + pxap)
owi> Ow 0w XA,B ,dInk
— 4> — RT 11
X <xAxB oT + XAXA,B BT > xpx A,B 8T> (I+pxap) dr (11)
Scc(0) 1 2 + (X + + )
={— Xy Xgw Xy X'\ g XX\ g
cC (1 + pxa, B) RT AVBP12 AVA,BP13 B-VA,B¥23
2 2 X2 -
+<X—A+"B+ A“*)“ . (12)
XA XB  XA,B

Here, 9*°AG/dC* > 0 for dAG/dC =0, where prime denotes the differentiations
with respect to concentration and x, and xj are determined by using Equation (3).
xA p is determined using Equation (6) and the condition dInk/dC=0. It may be
noted that the factor (1 +pxa, )" which appears as a coefficient of all terms
containing x,, xg and xa g in Equations (7), (11) and (12) is a result of the change in
the basis for expressing mole fractions of species A, B and A,B from that used for x;
and x,.

The experimental determination of Scc(0) posses more difficulty. It can be
determined from measured activity data following Equation (10b) [18]. This is
usually considered as the experimental value.

In order to fit the degree of order in the liquid alloy, Warren—Cowley short-range
parameter «; [15,16] can be estimated from the knowledge of concentration—
concentration structure factor Scc(g) and the number—number structure factor
Snn(g). However, in most diffraction experiments these quantities are not easily
measurable for all kinds of binary liquid alloys [19,20]. On the other hand, «; can be
estimated from the knowledge of Scc(0) [9,11,21]

—1
S - Scc(0)

“TSZ-D+r P T sEo)

Sid.=cCc—1), (13)

where Z is the coordination number and Z = 10 is taken for our calculation. We note
that varying the value of Z does not have any effect on the position of the minima
of ay; the effect is to vary the depth while the overall feature remains unchanged.
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The pairwise interaction energies and equilibrium constant are determined by the
following method:

In a regular associated solution, x;y; =xaya and x,y»> = xgyp, Where y; and y»
are respective gross activity coefficients of components 1 and 2. Thus,

Iy = lnys + 022 (14a)
X1
and
XB
ln)/z:lnyB—f-lnx—. (14b)
2

Following the technique of Lele and Rao [14] the pairwise interaction energies,
the equilibrium constants and the activity coefficients at infinite dilution can be
written as follows:

12

0 A ,0
kexp(wi3/RT) = 22 (15b)
Vi— "

where y{ and p§ are activity coefficients of component A and that of B at zero
concentrations.
Solving Equations (4a) and (4b), we obtain

o ¥oIn(2) + (1 —xp)In(&) —xa(l - xo)

RT (16)
2
RT 2y
w23 XA 1n(;;—/'\> +(1 —xA)ln()‘;—ZB) —XA(I —XA)CE—]; (17)
e - .
RT =

Using Equations (6), (16) and (17), we can derive

w13 I+ xa ap XB a w12 ala
o= ()2 ) )l o
RT XAI,B XA xA,,B XB RT xAﬂB ( )

3. Results and discussion

The mole fraction xag,a1 of complex Ags;Al is determined by using the experimental
data of activity [22] and Equations (15) and (18) employing the iterative procedure.
The compositional dependence of various species (Figure 1) shows that the
maximum association occurs at 71 at.% of Ag. At this composition and 1273 K,
about 31 mol.% of the liquid alloy is associated.

The equilibrium constant and pairwise interaction energies are estimated from
the Equations (6), (15a), (16) and (17) and observed data for integral excess free
energy of mixing. The equilibrium constant and interaction energies for the alloy
Ag;Al in liquid state at 1273 K are found to be K=0.0494, w,, = —11.387kJ mol ™',
w13=—0.617kImol™" and w,;=—28.046kImol .
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“ApB

0.2 0.4 0.6 0.8 1
—0.2 - Ag

—04 -

AG™/RT

—0.6 4
AG™/RT

-0.8 -

Figure 1. Upper part: compositional dependence of mole fractions x5 (A=Ag), xg (B=Al)
and xa B (A,B=Ag;Al) vs. x5, (concentration of Ag); lower part: integral excess free energy
of mixing (AG™/RT) vs. xa, in the liquid Ag-Al solution (1273K); ( ) theory, (0o0o)
experiment [22].

All the interaction energies are negative and show that Ag and Al atoms are
attracted to each other and to the complex.

Theoretical calculation of free energy of mixing for Ag—Al liquid alloy shows
that the minimum value of free energy of mixing for Ag—Al is about —1.22RT,
whereas it is —3.35RT for Hg—K and —3.13RT for Hg—Na [23,24]. This suggests
that Ag—Al alloy in liquid state is not as strong an interacting system as liquid
amalgams. Figure 1 shows that the agreement between the experimental and
calculated integral excess free energies is very good. The agreement between
observed and calculated values of activity of Ag and Al is excellent as shown in
Figure 2.

If the interaction energies are independent of temperature, i.c., dw;,/0T =0 etc.,
then the heat of formation simply becomes

AH = ———— (XaAXBWI2 + XAXApBWI3 + XBXA,BW23)
(1 + pxa,B) ’ r
. XApB > dlnk
(1 + pxa,B) dr -

In such situations, AH can be obtained from the knowledge of interaction
energies between the unassociated atoms and to the complex and RT”31nk/dT. We
have observed that AH and AS so obtained are in very poor agreement with
experimental data. This simply suggests the importance of the dependence of
interaction energies on temperature. On using Equation (11) and observed values of
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0 0.2 0.4 0.6 0.8 1
Al . . L L JAg

xAg

—
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-2.5 4

Ina

Ag Al

-3.5 1

45 1

—5.5 -

Figure 2. Activity (Ina) of Ag and Alin liquid Ag-Al solution (1273 K) vs. xae; (——) theory,
(oo00) experiment [22].

AH [22], we have chosen the following values for the given parameters as the best-fit
values for the heat of formation of Ag;Al complex.

86012

3 d
S =—155TmolK ", % —0, % — —20.5Jmol K~ and
dlnk

RT? anT — 344+ 0.8k mol .

It is found from the analysis that the enthalpy of mixing is negative at all
concentration, being minimum around stoichiometric composition (AH =—0.611 RT
at xa,=0.72). Further, it is observed that the concentration dependence of
asymmetry in AH can be explained only when one considers the temperature
dependence of the pairwise interaction energies. The AS™ values are also calculated
by using integral excess free energy of mixing and enthalpy of mixing. The calculated
values do not always match in sign with experimental values. The discrepancy could
be due to errors in enthalpy data or neglect of vibrational and electronic
contributions on entropy. The deviations in excess entropy are, however, not
significant enough to influence the agreement between calculated and observed
thermodynamic functions as shown in Figure 3.

Figure 4 shows the computed and experimental values of Scc(0) as well as ideal
values. The calculated values for Scc(0) shows a good agreement with the
experimental values. Scc(0) can be used to understand the nature of atomic order
in the binary liquid alloys [9,25,26]. At a given composition, if Scc(0) < S‘gc(O),
ordering in liquid alloy is expected and if Scc(0) > SigC(O), there is a tendency of
segregation, where S‘SC(O) (=C(1 = CQ)) is the ideal value. Our theoretical analysis
shows that the order exists for Ag—Al alloy in the liquid state in the region
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AGIRT, AHIRT
&
W

|
-~
L

AG/RT

—15-

Figure 3. Upper part: entropy of mixing (AS/R) vs. x;; lower part: free energy of mixing
(AG/RT) and heat of mixing (AH/RT) vs. xag of liquid Ag-Al solution (1273 K); ( )
theory, (ooco) experiment [1].

0.3 ~
id
S¢c(0)
0.25 - S
0.2 <
7 o N
@ 9/ SCC(O) \\\
oIS
/ \
/ \
0.1 1 ! \
! \\
U \
4 \
0.05 4 / \
0.2 0.4 0.6 0.8 A\ 1
Al 0 T L L L Ag
X, —>
Ag
—0.05 A
S —0.1 |
—0.15 A
4
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Figure 4. Upper part: concentration fluctuations in long wavelength limit (Scc(0)) vs. Xag
of liquid Ag—Al solution (1273 K); lower part: short-range ordering parameter («;) of liquid
Ag-Al solution (1273 K) vs. xag; ( ) theory, (ooo) experiment, (----) ideal values.




07:25 28 January 2011

Downl oaded At:

Physics and Chemistry of Liquids 795

Xag > 0.25; the alloy behaves like a slightly segregating system in the region
Xag <0.25. Scc(0) is markedly depressed from ideal values near stoichiometric
concentration, i.e., around the concentration 0.75 of Ag. Our calculated values of
Scc(0) almost matches with the values obtained by Bhatia and Singh [27].

The knowledge of «; provides an immediate insight into the nature of the local
arrangements of atoms in the mixture. At equiatomic composition, one has
—1 <a;<1. The minimum possible value of «; is a‘lnin = —1 and that implies
complete ordering of unlike atoms at nearest neighbours. On the other hand,
the maximum value of o is o™ = +1, which implies total segregation leading
to the phase separation and «; =0 corresponds to a random distribution of atoms.
Figure 4 shows that «; is negative in the region x5, > 0.25 whereas it is positive in
XAg <0.25. This result implies that Ag-Al is an ordering system of unlike atoms
in Ag-rich region, whereas it is segregating system in Al-rich concentration.
The asymmetry in «; is distinctly noticeable.

It is a well-known fact that the size factor and electronegativity difference of the
constituent metals play an important role on the alloying behaviour of the binary
alloys. The size factor, which has been considered to explain the anomalous
behaviour of liquid alloy [28], is very small (=1.03) and does not seem responsible
for asymmetry in such alloys. The electronegativity difference of the constituent
metals is also important for making alloys. Many researchers [4,30] have argued that
when metals of very different electronegativity are alloyed, a change from metallic
behaviour to, at least, partly ionic behaviour is expected. The ionic character
(IC=1—exp(—0.254°), d being the electronegativity difference of the constituent
metals) of our alloy is also very small (=0.025). Thus, the anomalous behaviour of
our alloys cannot be easily understood at the cost of size factor and electronegativity.

The formation of Ag;zAl complexes in liquid Ag—Al alloys can be discussed on the
basis of electron compounds. These compounds are formed at specific electron to
atom (e/a) ratio. It is pointed out that the e/a ratio controls certain intermediate
phases which are termed as electron compounds. The three e/a ratios that
corresponds to the specific structure in alloy systems are 3/2, 21/7 and 7/4. In case
of Ag—Al system, the AgsAl structure gets three valence electrons from aluminium,
one each from silver atoms which give rise to an e/a ratio of six electrons to four
atoms. This is same as e/a=3/2.

The observed asymmetry in the free energy of mixing, heat of mixing and entropy
of mixing is well explained with our assumed complexes in the liquid Ag—Al alloys.
The position of asymmetry seems to be directly linked to the nature of the
chemical complexes. The minimum in AH has been found to occur close to the
compound-forming concentration. We have observed that the computed values of
Scc(0), which is useful to understand the microscopic (at atomic level) structure
of the liquid alloys, shows a deep minimum in the vicinity of the compound-forming
concentration. The variation of «; with respect to the concentration of Ag also
strengthens the above results.

4. Conclusions

In this work, we have used regular associated solution model to obtain equilibrium
constant, pairwise interaction energies of AgsAlliquid alloy at 1273 K. The knowledge
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of nature and extent of interaction energies between the components and complex
have been used for the estimation of thermodynamic properties of Ag;Al alloy in the
liquid state. Computed results suggest that Ag—Al is an ordering system of unlike
atoms in Ag-rich region, whereas it is slightly a segregating system in Al-rich
concentration. The analysis also shows that the Ag—Al system is a weakly interacting
heterocoordination system and the pairwise interaction energies of this system depend
strongly on temperature. Our theoretical analysis shows that there exist complexes
Ags;Al in Ag—Al alloy in molten state.
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