Thermockimica Acta, 27 (1978) 233-242
©) Elscvicr Scentific Publishing Company, Ansiadam — Prinicd in The Nethorlands

MODEL ANALYSIS OF MIXING ENTHALPIES IN THE Cd-Tl-In TERNARY
SYSTEM

M- 1. POOL
Universjiy of Cincinnati, Cincinnari, Ohio (L7 5. A_)

axn B. PREDEL
Afoax-Plonck-Institut fir Metallforschung, Stunigars {Germany)
{Received 30 Wovember 1977)

ABSTRACT

Three different solution models have been used to describe the experimental
data for mixing enthalpies for liquid Cd-Tl-In alloys. All models require that an
additional termary term of the form, 2,5c = X4 - X5 = X be added to the summation of
the binary mixing enthalpies of the constiluent systems in order to obtain satisfactory
azreement between experimental and caleulated values.

INTRODUCTION

In the past several years interest in the calculation of the thermodynamic
propertics of ternary systems from the data for the basc-binary systems has increased
considerably. This has ariscn principally because of the difficulties associated with
cxperimental mecasurements in the tcrmary systems and because of the vast number of
data points nceded to adequaitcly describe the surface configuration of the sclected
thcrmodynamic property. It would be of considerable advantage to have available
analytical cxpressions which would allow calculation of the entine ternary mixing
enthalpy surfacc from a limited number of tcrnary data points. Several models arc
available for this type of analysis and most have been described by Ansara’. It was
the purpose of this work to apply three different models to the mixing enthalpies for
the Cd-Tl-In sysitm and compare the calculated resylts with the experimental data
of Predel and Berka?.

MODEL ANALYSIS

In the analysis and calcolation of ternary mixing enthalpics from the binary data
it is cusiomary to assume that the ternary data are adequately represented by the sum
of the basc binary data al the appropriate alloy composition. That this is not always
the case has been illustrated by Sharkey et al.* who have shown, in the development
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of the modificd quasi-chemical model and its subscquent application, that a temary
inferaction term of the type €, X, ¥axe occurs. Here C, is a constant and x, xg and x¢
are mole fractions of A, B, and C. It is ot surprising that a term of this type exists.
From strictly a physical standpoint it is expected that the addition of a third atom, C,
to 2 binary liquid solution of A and B will perturb the A-B bond energy and thus
lead 1o 5 term with the above form. Likewise the addition of B to A-C and A to B-C
will produce similar perturbations of the primary bond cnergy in the base binaries
leading to additional texms of the same form. In the simplest approximation these
three terms can be combined into a single temary interaction term. Subsequently this
term can be determined from expenimental data and the remaining temary mixing
enthalpy surface calculated.

In this work three different models have been used to determine analytical
cxpressions for the binary systems Cd-TL Cd-In and Ti-In. These are, the regular
solution model of Hildcbrand?, the sub-rezular solution model of Hardy?, and the
modified quasi-chemical model of Sharkey et al.>. With these models the mixing
enthalpies can be expressed by the following three cquations

AHY = x;x,\xy (n
AH% = myx\xp + Z:X3xg )
and

AHZy = a@,XaXp + E3XAXp — T3XANE )

where Ay = =y, A = =y — 23 — 2y and Ay = =z

In these equations x, and xg denote the atom fractions of A and B, respectively, and
the x; terms are constants determined by a least-squares fit of the data expressed in the
form of dH[x,xg. If onc expresses the function AF//x,xy as a second degree poly-
nominal in x,, the following equation results

AHY
Xa¥e
This equation yiclds the cocflicicnts for the regular model for A, = A, = O, the
sub-regular modzl for 4, = O and the modificd quasi-chemical model if A, A, and
Ay are non-zero values. This equation is quite casily handled by a computer to yicld
resuliant values of the x; coefficients for each model from a keast-squares fit of the
cxperimenial data.

The termary mixing enthalpics can be expressed by the following equation for
cach model

= A} + Axxy + iji (4)

A, = EOH ey + ZancXaXa¥c (5

It has been shown by Skarkey et al.? that the ternary interaction term muost appear if
a deviation from a random atom distribution occurs. Since this is the case for a
number of binary metatlic systems the same is expected to be true for the ternary
systems. If the system does have a random distribution of atom 1ypes then the a,,¢
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cocflicicnt approaches zcro and the ternary mixing enthalpy is adequately expressed
by the sum of the binary mixing enthalpics. For the Cd-Tl-In system the z,5c term
has been determined for cach model from the experimental data of Predel and Berka®.

The imual step in this analysis was to determine the analytical coeflicients for
the three binary systems usine cach model. The reported data for Cd-In® and Cd-TI?
by Predel and Berka as wel as the data on Ti-In calculated by Berka™ have been used
sincx these data were obtained under the same conditions as the Cd-Ti-In data®.
For the Cd-TI system the following sct of equations was obtained

AHY = 1970 xcuxqy (6)
AHm = 25 x x5 + 1525 xGvp (7)
AHGe = 2848 xcprf, + 1958 XZaXy; — 2604 "'.édx%l (8}

where 4H™ valucs arc given in calig-atom. Similar equations for Cd-In and Ti-In
are given below.

AHY = 1618 xc,Xp ¢)
AHZE = 2168 x i + 1073 x2,x,. (10)
g = 2119 X Xi + 1028 xgyxy, + 270 xZpxi, (1)
AHY = 349 xpx,, (12)
AHY = 686 xq,x5 + 412 x3,x,, (13)
AH%w = 668 xpxi + 395 xixg. + 103 x§xi, (14)

From the 2, cocficicnt in the SHP cquation il is apparent that only the Cd-T1
system exhibils a eross deviation from random behaxior.

For cach model the ternary mixing enthalpy was first caleulated using only the
sum of the binary expressions. The results of these calculations are shownin Figs. 1-9
for 3 different TifIn ratios. Only in the case of a Tl/In ratio of 9 is the agreement
between the calculated curve and experimental data satisfactory. The maximum
diffcrence appears at a Ti/In ratie of I. Since the sum of the binary systems docs not
give satisfactory agreement with the experimental data the temary cocfficient, x e,
given in eqgn. {3) was calculated using each different model. This was done in the
foliowing manner. The ternary mixing cnthalpy at the composition x¢y = 9.5 was
calculated using the sum of the binary terms for the 6 available quasi-binary sections
of different THIn ratios. This was then subtracted from the measured mixing cnthalpy
and the result divided by the corresponding mole fraction product, X xy;X,.. The
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Fig- 1. Regular model calculation for xqifxye = 1[9-
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Fiz 2. Regular modd calculation for xnfxe. = 1.
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Fig. 3. Regular model cakulation for xnfng == 9.
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Fig. 4. Sub-regular model calculation for xniixys = 1/9.
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Fig. 7. Maodificd quasi-chemical modcl calculations for xnfxia = 1;9-
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Fig. 8. Modificd quasi-chemical modcl calculations for xnfxia = 1.
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six cocfficicnts obtained in this way were then averaged to yield a single interaction
parameter. The resulting numbers, in calfz-atom. are given below.

dape = 10066; Thoe = 11233; 2505 = 11614 (15)

With the exception of the TifIn ratio of 9 the individual cocflicicats differ by less than
15%; from the average valuc.

The mixing enthalpies calculated using the above cocfficients are compared to
the cxperimental data and the cakculations without the ternary term in Figs. 1-9.
It is obvious that the addition of the termary term yiclds much better agreement for all
three models. However, it is not possible to differentiate among the three models since
all three agree with the experimental data to approximately the same degrce. In order
to oblaii: a2 perspective of the mixing enthalpy surface a computer program was
written which would plot the termary data. The experimental data are shown in Fig. 10
and the calculated data from the three models in Figs. 11-13. From these figures it is
obvious that the experimental data go through a maximum at about xo;, = 04 fora
TiIn ratio of 1 while the modcl calculations without a ternary interaction term show
2 minimum in the mixing cnthalpy surface.

On the basis of the above analysis it is concluded that the mixing cathalpics
in the Cd-TI-In system are adequately described with any of the three modcls consid-
ered but 2 iernary interaction term must be included.
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