This article was downloaded by:

On: 28 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

VOLIME L% WUMBIE 3 U0 HEN: B LR Physics and Chemistry Of Liquids
Physics and Publication details, including instructions for authors and subscription information:
Chemistry of Liquids http://www.informaworld.com/smpp/title~content=t713646857

AN INTERNATIONAL JOUARNAL

Thermodynamic Behaviour of Liquid Alloys With Stable Compound of

AB-Type and Size Distribution of Complexes
N. C. Tckachev? C. Yu. Shunyaev?® A. N. Men?*
* Institute of Metallurgy of Ural Science Centre, Sverdlovsk, USSR

Norman H. March

Emaritas Protesios, Dufard Unkeersity. 0K
K. Angilalla

Gluseppe 6.
{Co-Erfier] Uriversits o Catania, (starcs, Jlsly

To cite this Article Tckachev, N. C., Shunyaev, C. Yu. and Men, A. N.(1986) "Thermodynamic Behaviour of Liquid Alloys
With Stable Compound of AB-Type and Size Distribution of Complexes', Physics and Chemistry of Liquids, 15: 4, 271 —
282

To link to this Article: DOI: 10.1080/00319108608078489
URL: http://dx.doi.org/10.1080/00319108608078489

PLEASE SCROLL DOWN FOR ARTICLE

Full terns and conditions of use: http://wwinformworld.conlterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713646857
http://dx.doi.org/10.1080/00319108608078489
http://www.informaworld.com/terms-and-conditions-of-access.pdf

08:42 28 January 2011

Downl oaded At:

Phys. Chem. Lig., 1986, Vol. 15, pp. 271-282
0031-9104/86/1504-0271818.50/0

© 1986 Gordon and Breach Science Publishers, Inc.
Printed in the United Kingdom

Thermodynamic Behaviour of Liquid
Alloys With Stable Compound of
AB-Type and Size Distribution of
Complexes

N. C. TCKACHEV, C. Yu,.SHUNYAEV and A. N. MEN
Institute of Metallurgy of Ural Science Centre, Sverdlovsk, USSR.

(Received September 2, 1985)

The ideal associated solution model for the thermodynamic mixing functions of the binary liquid
alloys with the stable compound is developed. It is suggested that congruently melting
compound exists in the form of the arbitrary size complexes in the liquid alloy. For the alloys
with stable compound of AB-type the distribution of the mole fractions of the complexes of any
sizes 18 found. The thermodynamic mixing functions are expressed by the only energetical
parameter (bonding enthalphy of AB pair). It is shown that pair enthalpy of AB pair can be
evaluated from the melting temperature and geometry of the crystal lattice of AB-compound in
nearest neighbours approach.

Application of the model to liquid alloys of aluminium, gallium and indium with antimony is
discussed.

INTRODUCTION

Today extensive experimental data on physical and chemical properties of
liquid alioys have been accumulated. Concentration dependence behaviour
of thermodynamic properties of such systems can be explained on the basis of
various phenomenological theories and in particular the ideal associated
solution theory.!=* Liquid alloys are usually represented in this model as
consisting of single atoms of pure components and associates of a determined
composition.*

However this type of analysis brings up new questions concerning the
nature of complexes and their binding with respective intermetallic com-
pounds in solid phase.
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Some authors (see recent reviews??) in characterizing thermodynamic
behaviour of liquid alloys choose the composition of complexes rather
arbitrarily. For example, in In-Sb alloys having a single compound InSb in
solid phase, the presence of two complexes InSb and In,;Sb in liquid is
assumed; in Mg-Pb alloys having Mg,Pb in solid phase, the presence of
Mg, Pb and MgPb in liquid is assumed etc. It has been found for bunary
liquid alloys® that only a few have stoichiometry of complexes similar to that
of respective compound in phase diagrams.

Also the fact is often ignored that many of these alloys do not contain any
intermetallic compounds and no difference is made between compounds that
decompose during melting and those that do not. Moreover, efforts to
minimize the number of parameters often result in reducing consideration to
complexes of the smallest size only, which is unfounded in terms of basic
theory.

In this paper an attempt is made to relate complexing in liquid alloys to
stable intermetallide melting by an example of systems with congruently
melting A B-compound. It is assumed here that complexes of random sizes are
present in liquid alloys.

Applicability of this approach is discussed for Al-, Ga- and In-Sb alloys.

GENERAL THEORY

Consider a binary A, B, _, system, in which the following equilibria take place
iA+jB = A;B;,

characterized by a set of formation constants of A;B; — K;; complexes
dependent on temperature and component nature.

This study does not consider the possibility of pure component association
and observed activities a, and ay are therefore set equal to respective molar
fractions of single atoms 4 and B.! Accordingly to obtain them two
independent equations are necessary.

As it is assumed in this model that complexes do not react neither with
each other, nor with single atoms, the equation of normalization of all molar
fractions of the system will have the form

I —x,, —xg, — (x4, xp,) =0, %))

where

0 s e
(x4, xp,) = Z K;jxy,xg, = Z X 4:B;

Li=1 Lj=1
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The second independent equation will be the balance equation, e.g., with
respect to component A.
Since

o0 o -1
c= <NA1 + Y iNAlBj><NA] + N, + Y @ +j)NA‘,Bj>

Li=1 i,j=1

where N 4, and N, are the numbers of single 4 and B atoms respectively and
N is the number of 4;B; complexes, then multiplying and dividing the

right-hand side of the above expression by N, + Nyg, + 3.2, (N 4,5, We get

d _
c= <XA1 + Xp, axlp )KABI (2)
At

where k45 = x4, + Xp, + X,,,00/0x,, + x5 O/0xy, is the average number of
atoms per complex.’

Infinite limits of the sums (1, 2) suggest the possibility of formation of very
large complexes beginning from certain temperatures corresponding to liquid
solution solidification.

Thus with knowledge of K;; values the summation is made and the
resulting set of Eqs (1, 2) allows to evaluate concentration dependences of the
activities. Other thermodynamic functions of mixing are obtained from
general relationships.

ALLOYS WIiTH STABLE INTERMETALLIC COMPOUND OF AB-TYPE

Alloys with semiconducting A™BY compound in solid phase (Al-, Ga- and
In-Sb) may serve as characteristic examples of such systems.

In the case of alloys of this type it is natural to believe that melt retains the
ordering which leads to formation of stoichiometric 4B-compound (at least
when slightly overheated above liquidus line). However, while it is a “giant
complex” with a characteristic crystalline order in solid phase, in liquid phase
we deal with an equilibrium concentration distribution of (4B),-type com-
plexes (n = 1, 2,...) that depends on temperature and the nature of 4 and B
components.

Since the condition of chemical equilibrium

nAd + nB = (4B), 3)

has the form

np, + npg — g, =0



08:42 28 January 2011

Downl oaded At:

274 N. C. TCKACHEYV, C. YU. SHUNYAEV AND A. N. MEN
the complex formation constant is expressed by
K(n) = exp(nug + nyg — ilap,/ksT] C))

where uf are standard chemical potentials of reactants. The quantity in
parentheses is the variation of standard thermodynamic potential (— AG®) of
the reaction (3).

Let the variation of standard enthalpy during (4 B)-complex formation be

AH®(n) = H 4p,, ~ nH,, — nHg, = —om, (5)

where o-bonding enthalpy of 4B pair, m,—the number of AB pairs in
complex containing n—“molecules”.

Introducing the effect of electron subsystem (for metallic systems) into the
free electron approximation as well as that of phonon subsystem into the
harmonical approach allows to obtain terms linearly related to the size, but
the parameter « becomes temperature dependent. Contributions to of surface
(proportional to n*/*) and of complex rotation (assuming free rotation pro-
portional to In n°) are not considered in this paper.

Neglecting to the temperature dependent contributions to of phonon and
electron subsystems we have

K(n) = exp(am,/kyT) (6

It is known,®” that the short-range order typical for solids usually remains
in liquid state that is confirmed with the diffraction investigations. Therefore
we restrict ourselves to the considerations of the complexes in which mutual
arrangements of the atoms are the same as in solid and the number of 4B
pairs is maximum.

Thus we can express all the thermodynamic mixing functions in terms of
the only energetical parameter o, which can be related with the melting
temperature of the corresponding chemical compound. As the thermodyn-
amic potential of mixing in the ideal associated solutions at the point ¢ = 0.5
and that in the solid is

oz
AGY(0.5) = kg T In a ,(0.5), AGY(0.5) = — o (7
where z is the coordination number of 4B compound, then equating these
expressions at the melting temperature (T45) we get

a,4(0.5) = ag(0.5) = e ~2#/2k=T (3

This relation within the equation of normalization (1) of the mole fractions in
liquid alloy at ¢ = 0.5 allows to get the bonding enthalpy of 4B pair and the
activities of the components of this temperature.
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Thus substituting (6) in the set of Eqs (1 — 2) we get the following set of
equations for concentration dependences of the activities of 4 and B
components

1 —a,—ag— ) explam/kyT)a ay)" =0
¢ = [aA + Y nexp(am,/ky T)(aAaB)"]

-1
X [aA + ag + 2 nexp(om,/kg T)(aAaB)"jl 9

Enthalpy of mixing HM is calculated in the following way. By definition we
have

AHY =3 H 45, Nagy, + Ny Hy, + Np,Hy, — N H — NyHp,

where H; are absolute enthalpies of single atoms and complexes, N, and
Ny are total numbers of atoms of 4 and B types in binary system. Since
H, = H,and Hg = Hy, because pure liquids only contain single atoms and
since Ny =N, + Y,nNp,, Ny = Ng, + Y ,nN 4p, , we shall have

AHM =3 N g, (H g, — nH, — nHp).

The bracketed quantity is none other than am, taken with reversed sign.
Therefore the ultimate expression for enthalpy of mixing per atom

AHM = —ay m, exp(am,/kgT)a, ag)"

-1
X [a,, +ag+2yn exp(ocm,,/chT)(aAaB)"] (10)
Thermodynamic potential of mixing per atom is
AGM = kyTlcina, + (1 — ¢) In ag] (11)
Entropy of mixing per atom will be, as usual,
ASM = T YAHM — AGM) (12)

In the region of concentrations near zero or unity it is easy to obtain
asymptotic expressions for thermodynamic quantities. Thus, at ¢ —» 0 we get
for the activities in the second order in concentration
< KZ—KI(I-i-Kl)C2

1+ K, (1+K,)?
K,—K/(l+K,) e

(I+Ky)? |

ay

(13)

ag=1—c+

PCL —B
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where K, K ,-formation constants of 4B and (4 B), complexes respectively.
Comparison of the above expressions with the model that only takes into
account one complex of the smallest size (4B) indicates that discrepancy
begins to reveal itself in the second order in concentration. Similar expres-
sions obtained by expansion (26.67) in [ 1]:give (to the same accuracy)

At ¢ — 1 the expressions will be symmetrical with respect to substitution of
ayforagand cfor 1 —c.

The expressions for partial enthalpies in the case of infinite dilution will be
following: since

— d1Iny,(0)
i = k22— A
40) kg o

where 7, is an activity coeflicient of A using (13), then we get

oK,

hy0) = — A+ K7 (14)

By above-mentioned symmetry, the same expression may be written for 7,

(1.

RESULTS AND DISCUSSION FOR LIQUID
ALUMINIUM-, GALLIUM- AND INDIUM-ANTIMONY
ALLOYS

Considering alloys of aluminium, gallium and indium with antimony form
the semiconductor compounds of AMBY-type with the ZnS-type structure
(coordination number z = 4) in the solid state. Thus to relate the bonding
enthalpy of AB pair with the melting temperature of the corresponding
compound (in accordance with general remarks of section 1IT), il is necessary
at first to solve the geometrical problem (to find the maximum number of
bonds of A-B type for given structure in nearest neighbours approach if the
number of 4B pairs, i.e.—size of complex (n) are given). As it will be shown
below it is quite enough to restrict ourselves to the maximum n about ten for
our purposes, i.c. for the evaluation of the thermodynamic mixing functions.
The results of this geometrical solution are represented in Table 1.
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TABLE 1

The maximum number of bonds (m,) in ZnS type
structure for fixed size of complex (n)

n 1 2 3 4 5 6 7 8 9 10

1 3 6 8 11 14 18 20 23 26

Further using the relation (8) with z = 4 the equation of normalization at
¢ = 0.5 will be

1 —¢t— Zt(4nfmy,)/2 =0
n

where t = a (0.5, T28) = a,(0.5, T25).

Tt easy to solve this equation by numerical methods (we are interested in
the physical solution in the region 0 < ¢t < 1).

So for given structure

%= 0547k, T4 and  a,(0.5) = a0.5) = 0.335.

The calculation of the bonding entalpies of AB pairs using the melting
temperatures of ALSb, GaSb and InSb compounds® gives the following
values: 6040, 4500 and 3640 (J mol™ '), respectively.

The computer calculations were performed to find the concentration
dependences of the thermodynamic mixing functions.

The system of non-linear Eqs (9) was solved by Newton method and the
solutions of the previous step were used as the initial conditions.

Figures 1-5 show calculated thermodynamic functions and activities of
component for these alloys as a function of antimony concentration.

In general the values of activities and thermodynamic potential of mixing
are in good agreement with experimental determinations although the
accuracy of the experiments on these properties is not high enough. This fact
is well illustrated by the values of activities for liquid Ga-Sb alloys collected
by the authors of [10] as well as by their own experiment.

The agreement between calculated and experimental enthalpies of mixing,
measured with a higher precision is rather of qualitative kind. Similarly,
comparison of temperature dependences of enthalpy of mixing, at cg, = 0.5,
for In-Sb alloys only shows a qualitative agreement with experimental
studies.'® The behaviour of calculated temperature dependence is more
gentle than that of experimental dependence revealing though a weak
nonlinear form which is in qualitative agreement with experiment (~1.5]
mol~! K™ ! against ~4 J mol * K1),
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FIGURE 1 Experimental and calculated values of thermodynamic potential (AG*) and
enthalpy of mixing in Al-Sb liquid alloys at T=(330K. @ @ @ cxperimental AG™ °,
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FIGURE 2 Experimental and calculated valucs of entropy of mixing (AS™) in Al-Sb liquid
alloys at T= 1330 K. O O O experimental ASM °, calculation.
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FIGURE 3 Excess thermodynamic functions in Ga-Sb liquid alloys at T= 1000 K. @ @ @
cxperimental AG? 10, ———— experimental AHY = AHM 1, calculation.

Discrepancies in enthalpy of mixing and especially in its temperaturc
dependence allow to infer that in order to attain a higher accuracy of
determinations model of this type should consider temperature dependence
of parameter a. However, the considerations set forth below are rather of
evaluative character.

Consider the difference between vibratory motions in a complex and in
pure liquids. Assuming validity of the approximation of Einstein-model type,
we assign one mean (size-independent) frequency w5 to complexes and do
the same with respect to single atoms, designating the vibration frequency for
single atom A4 with w, and that for atom B with wj,. The number of
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FIGURE 4 Activities of Ga (ag,) and Sb (ag,) in Ga-Sb liquid alloys at T=1000K. @ @ @
experimental'®, ——— calculation.
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FIGURE 5 Enthalpy and entropy of mixing in In-Sb liquid alloys at T=900K. @ @ @
experimental AHM (T=910K)'?, O O O experimental ASM 14, calculation.
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vibrational degrees of freedom in a complex is 6n — 6 (for nonplanar species)
and that for single atoms is about 3n. Now the contribution in thermodyn-
amic potential of the difference between complex vibratory motion and single
atom vibrations will be

hw 2w .w
AGp(n) = (6n — 6)kpT In Ei?lg —3nkgT In U{B;WTZB
wlab

= f(T)+ 3nkzT In ——

WyWg

S(T) here does not depend on the size n. This expression is again linearly

related to n and the second term can formally be introduced in o, thus
endowing o with temperature dependence. Al a reasonable w,z; — w, — wy
relation, kilojoule effects can be obtained in AHM and AS™, respectively.

A similar approach may be used in respect of electron energy of the single-
atom system. In the free-electron model the expression for chemical potential
per electron has the form

oy = e[l — w2120k Tep)* + -]

where ¢ 1s Fermi energy of respective metal. Assuming that the temperature
independent term has been taken into account in «, we get temperature-
dependent contribution in AG® the following form

n? T4+ TE
AG (n) = —n 3 ki T2< ;g T};)
where T4 are Fermi temperatures of respective components. At T~ 103 K
and T, ~ 10* K, we have AG,, of the order of 10? K, i.e. the effect of the order
of a kilojoule.

The above considerations allow to qualitatively understand the disagree-
ment between thermodynamic functions of mixing determined experimen-
tally and calculated using Eqs (9 — 12) for these systems. A more detailed
examination of vibrational, electronic, etc. contributions in considered ther-
modynamic parameters is beyond the scope of this paper.

CONCLUSION

1. A method of taking into account sizes of complexes in the ideal
associated solution theory is proposed. Within a simple approximation of
statistical theory, an equilibrium size distribution of complex concentrations
may be obtained in terms of a single energy parameter.
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2. The presence of complexes of an arbitrary size in solution allows to
consider the stable compound as a complex of infinite size in solid phase and
accordingly to relate a model parameter to melting temperature of this
compound. With this approach, the ideal associated solution model allows to
make nonempirical calculations of thermodynamic functions of mixing of a
binary system.

3. Taking into account electronic and vibrational contributions in the
variation of thermodynamic potential of complex formation endows the
energy parameter of the model with temperature dependence, but also leads
to the increase in number of model parameters.

4. The caiculation made for aluminium-, gallium- and indium-antimony
alloys shows a satisfactory agreement with experimental studies of thermo-
dynamic functions of mixing.

5. The presence of complexes consisting of atoms of one kind seems to
account for the assymmetry observed in experimental curves of enthalpy and
entropy of mixing of these alloys.

6. The considered model can be generalized and applied to alloys with an
arbitary stoichiometry of stable compound.
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