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Standard enthalpies of formation, A;H°(298.15), entropies, $°(298.15), and molar heat capacities,
Cl;,m(298.15), for a number of phases of Ni-Sn system have been estimated by graphical and analytical
methods. The AfH°(298.15), 5°(298.15) and C;.m(298.15) values of a new metastable NiSng compound
were found equal to —85.0+5k]mol~", 420.7+5]K"mol~! and 228] K" mol-', respectively. New,
reassessed value of AyH°(298.15) for metastable NiSn was obtained equal to —54.0 =4 k] mol~'. The
limiting partial enthalpies of Ni in solid Sn (Hjjm(Ni) = —3 +1k] rnol’l) and Sn in solid Ni (Hjm(Sn) =
—49 + 4k mol™") at 298.15 K were determined by graphical method. The calculated C,.m(298.15) values
of NiSn and Ni3Sny are equal 45.1 J K- mol~! and 160.3 ] K-! mol~!, respectively. Using different methods,
the standard entropy values 5°(298.15) (NiSn)=71.7 +2 and 5°(298.15) (Ni3Sns)=256.4+ 5] K~' mol~!
were calculated. It has been shown that the combined approach based on a modified quasi-chemical
model and the Tsuboka-Katayama-Wilson’s equations reproduce with good approximation the experi-
mental data on the thermodynamic functions of mixing for liquid Ni-Sn alloys. This method takes into
consideration the effects of the short range ordering and the temperature on the thermodynamic func-
tions of mixing, and has the advantage that prior knowledge of experimental values of mixing quantities
is not required. The extension of this approach to the binary systems, where volume effect is inherent, is
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motivated.
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1. Introduction

Thermodynamic modeling of alloy systems is needed for
the interpretation and prediction of metastable phase formation
obtained by rapid solidification and mechanical alloying. By elec-
trodeposition it is also possible to obtain alloy phases of metastable
structure; however, these phases may differ considerably from
alloys of the same composition obtained by metallurgical methods
[1-12]. Particularly, the electroplated Ni-Sn coatings together with
Cu-Ni and Cu-Sn analogues are of an especial scientific and practi-
cal interest when possessing thermodynamic properties identical
to their metallurgical alloys [1-5,11,12]. Another practical appli-
cation is linked to the soldering technology for microelectronics
[13,14].

The enthalpy of formation is the most important among the
thermodynamic constants which can be derived from theoretical
models of intermetallic compounds. This thermodynamic constant
can be derived from the cohesive energies of the considered com-
pound and its constituent elements. Using a tight binding model,
Watson and Bennett [15] and Colinet et al. [16] proposed methods
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for predictions of the enthalpies of formation of disordered binary
alloys of transition metals. In addition, more sophisticated methods
based on the calculation of the energies of formation of perfectly
ordered compounds, applicable to a large variety of alloys, are used
[17-19]. The properties at non zero temperature are obtained by
the cluster variation method [18] to treat the ordering effects with
introduction of vibrational, relaxation and elastic contributions, if
it is necessary.

The field of molten alloys has been less studied, presumably
due to higher complexity of the liquid alloys structure compared to
intermetallic compounds. In numerous liquid alloys the presence of
strong short range order has often been quoted. The most popular
interpretation of the thermodynamic data in systems which display
a strong non-ideal mixing behavior consists in assuming the exis-
tence of chemical complexes or associates. Extensive work using
such assumptions has been done for the modeling of the enthalpy
of mixing in all kinds of alloys: simple metal alloys, transition metal
alloys, d metal - sp metal alloys, and in semi metal alloys [20-28].
However, direct evidence of the existence and the form of such
associates in liquid alloys is still lacking.

The purpose of this work was to broaden and specify data on
thermodynamic constants of intermetallic phases formed in the
Ni-Sn system via metallurgical and electrodeposition methods and
develop a combined approach of modified quasi-chemical and the
Tsuboka-Katayama-Wilson models for prediction of the thermo-
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dynamic mixing quantities of liquid alloys. The Ni-Sn system was
used as an example of a specific system where the end-members
have a large difference in molar volumes.

2. Solid alloys
2.1. Literature data

Hultgren et al. [29] and later Nash and Nash [30], taking the
numerous literature data, have constructed an assessed Ni-Sn
phase diagram. Further thermodynamic assessments and phase
diagram calculations using CALPHAD procedure were published
by Kattner [14], Nash et al. [31], Ghosh [32] and Liu et al. [33].
The Ni-Sn diagram revised according to the results of the exper-
imental investigation was reported in [13]. The presence of three
intermediate phases NizSn, Ni3Sn, and Ni3Sng was established.
Ni3Sn, Ni3Sn; melt congruently at temperature around 1462 K and
1553 K, respectively, and Ni3Sn4 forms by a peritectic reaction at
1071K [13]. Ni3Sn and Ni3Sn; exist under two crystalline forms:
low-temperature (A-) and high-temperature (-) forms. The high-
temperature m-form of Ni3Sn is stable between 1220 K and 1462 K
and the low-temperature A-form is stable below 1184 K [13].The
transformation of -Ni3Sn to A-Ni3Sn is of the order-disorder type
[34]. There are also two forms of Ni3Sn,: the n-Ni3Sn, is stable
between 781 K and 1553 K, the A-Ni3Sn, is stable below 781 K[13].
The standard enthalpies of formation were determined for a num-
ber of equilibrium intermetallic compounds in the system Ni-Sn
by means of solution calorimetry in liquid tin [13,35-37] and direct
reaction calorimetry [38].

The Ni-Sn alloys obtained by electrodeposition had significant
differences with respect to equilibrium structure [1-4,6-10]. The
presence of the following phases was established in electrode-
posited alloys: fcc solid solution within values of the Sn solubility
in the range of 10-18 at.% compared to 0-10.6at.% Sn [1,10] in the
equilibrium system; a metastable NiSn with NiAs type of structure,
presentinawide range of Ni fraction with respect to the equiatomic
composition [6-8,10]; a phase identified with the equilibrium com-
pound Ni3Sng, which could be obtained as a single phase in the

concentration range 60-75 at.% Sn [1,10]; a new metastable phase
of composition close to NiSng observed in multiphase Sn-Ni elec-
trodeposits in the concentration range 3-34at.% Ni [9]; and a
bct-Sn with negligible Ni solubility [1,10]. The enthalpies of for-
mation of Ni-Sn electrodeposits were measured in [6,12] using
solution calorimetry (with aqueous solvent). A single phase elec-
trodeposit compositions obtained between 47.5 at.% and 60.3 at.%
Ni had enthalpies of formation at 298 K best represented as lin-
ear function of the Ni content. The interpolation from these results
to the equiatomic composition (NiSn) yields —58 +4 k] mol~1. It
was established that NiSn electrodeposit decomposes slowly above
575K with formation of Ni3Sn; and NizSn4 [6-8]. Accordingly to
Schwitzgebel’s et al. [8] the question whether NiSn is metastable
composition outside the equilibrium range of Ni3Sn, (Ni vacancies
or Sn substitutions) or merely a quenched like form of Ni3Sn; in its
normal composition range, is still open. The high-tin NiSng phase
decomposes at 373 K into bct-Sn and Ni3Sny [9].

2.2. Estimation of thermodynamic constants of the intermetallic
phases in Ni-Sn system at 298 K

The values of the partial enthalpy of nickel dissolution in solid
tin, H};,(Ni) and the partial enthalpy of tin dissolution in solid nickel
at infinite dilution, Hj(Sn), were found (Fig. 1) by extrapolation
to the molar (atomic) fractions Xy; =0 and Xs, =0 of the plots of
enthalpy of alloys formation (referred to mole of Ni or Sn atoms)
versus molar fraction of the tin. To construct the diagram the val-
ues of standard enthalpies of formation of NiSn, Ni3Sn, Ni3Sn, and
Ni3Sny reported (Table 1) in literature [6-8,12,13,35-38] and ref-
erence books [29,39,40] were used. Thus, we estimated the Hj;,, Sn
in solid nickel at 298 K is equal to —49 + 4 k] mol~!. This value isina
good agreement with Hji, (Sn)=—47.4 k] mol~!, obtained in [6]. For
nickel dissolution in solid tin Hy;;, (Ni) is equal to —3 &1 k] mol~".
This value is significantly different from Hj;, (Ni)=—11.6k] mol~!
reported in [6] but our value is more realistic due to practi-
cally no solubility of Ni in bct-Sn. The value of standard enthalpy
of NiSn formation, AH°(298.15), was reassessed and value of
AH°(298.15) (NiSng) compound was estimated with the help of
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Fig. 1. Enthalpy diagram of the Ni-Sn system at 298.15K. (1) Dependence of the enthalpies of formation of Ni-Sn alloys, referred to mole of Ni atoms, on molar fraction of
Sn. (2) Dependence of the enthalpies of formation of Ni-Sn alloys, referred to mole of Sn atoms, on molar fraction of Sn.
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Table 1
Thermodynamic constants of the intermetallic compounds in Ni-Sn system.
Phase AgH°(298.15) (kJ mol~1) 5°(298.15) (J K- mol-1) Cp,m(298.15) JK-" mol-")
fce-Ni 0 29.87 +0.08 [29,39,40] 26.07 [29,39,40]
bct-Sn 0 51.55+0.33[29,39,40] 26.99 [29,39,40]
\-Ni3;Sn -110.1+1.2[35] 131.4 [40] 99.7 [40]
—93.7 [40]
-99.6+1[13,37]
m-Ni3Sn -91.0+2.4[38] (at 1332K) - -
\-Ni3Sn, —156.9 [39,40] 173.6 [39,40] 108.7 [39,40]
—158.94+3.2 [35]
m-Ni3Sn; -173.0+1[13,37] - -
—155+1.4[29]
-173.0+5[36]
NiSn (electrodeposit) —-58+3.4 (6] - -
—54.4+1.5[7]
-57.0+£3.2[12]
Ni3Sny —177.3+3.9[35,40] 257.7 [40] -

~205.4[36]
~168.0+1[13,37]

a diagram showed in Fig. 2. It represents enthalpies of forma-
tion of the metastable Ni-Sn alloys (dotted line) superimposed
to the enthalpies of formation of stable Ni-Sn alloys (solid line).
The solid alloys in the range of compositions of Xs, >0.75 could
be metastable due to a restricted number of electrons transferred
from Sn to Ni [41]. Higher tin concentrations do not change the
number of electrons accepted by Ni. As it is seen from Fig. 2, the
points for metastable Nigs5Sngs and Nig,Sngg alloys are well fit-
ted by the line connecting Hjiy, (Ni) and Hj;,, (Sn). The value of
AH°(298.15) (Nig »Sng g ) was taken from [35]. Therefore, with the
assumption that the point for Nig1Sngg is on the same line, it is
easy to find AgH°(298.15) (Nig1Sngg) equal to —8.5+1Kk]J mol~1,
The reassessed value of AfH°(298.15) for the Nig 5Sng 5 alloy is equal
to —27 +2 k] mol~1; this value is in a good agreement with recent
calorimetric measurement (—28.5+ 1.6 kJ mol~1) [12].

position (disproportion) of metastable NiSng. Kireev's method is
based on the fact that entropy changes during reactions of the
compounds formation of the same type from elements in standard
state, Ag5°(298.15), and reduced to the number of atoms in the
compounds (m), is approximately constant:

(%) AfS'(298.15) = ky (1)

Then at 298.15K,
S"(NixSny) = XS°(Ni) + yS°(Sn) + (x + y)k; 2)

The analogous correlation is also correct for the heat capacity
when NixSny compounds are formed from the elements in standard
state:

L AC, k
Calculations of the standard entropy of Ni3Sng, NiSn u NiSng 5) fCom = k2 (3)
compounds were carried out by Kireev’s method [42], the modified 5 ) 5 ) 3
formula of Hertz [43] and on the base of the temperature of decom-  Cp.m(NixSny) = XCp, ;,(Ni) +y Cp 1n(Sn) + (X + y)k2 (4)
0
Nig1Sngg
,'O"
107 Nig2Snos
5 20
=
2 Nio sSno.5
» Nig 7680 25 o
&
E‘ -30 ) Ni 438no.s7
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Fig. 2. Enthalpies of formation of the metastable Ni-Sn alloy (dotted line) superimposed to the enthalpies of formation of the stable Ni-Sn alloys (solid line).
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Table 2

Standard molar heat capacity and standard entropy of the intermetallic compounds in Ni-Sn system.

Compound Cp,m(298.15) JK-" mol-1) Tgec (K) 5°(298.15) (J K- mol-')
Equations: Adopted value
(2) (5) (10)
NiSn 4512 575 72.5 70.8 - 71.7+2
NiSng 228.02 373 419.6 384.3 421.8 420.7+5
A-Ni3Sn 99.60¢ - - - - 131.38¢
A-Ni3Sn, 108.67¢ - - - - 173.64¢
Ni3zSny 160.32 1067° 260.9 251.9 - 256.4+5
2 Eq. (4).
b Incongruent melting.
< [39,40].

Hertz’s formula has the following form:

1/3
M ) m (5)

5$°(298.15) =ky| ————
( ) ”(c;,m(298.15)

where ky M, C;!m(298.15) and m are the Hertz constant, the molar
weight of a compound, the heat capacity at 298.15 K and the num-
ber of atoms in the compound, respectively.

The NiSng compound decomposes according to the following
reaction [9]:

3NiSH9 = Ni35H4 +23Sn (6)

At the temperature of decomposition (Tgec =373 K) the change
of the Gibbs energy for reaction (6) can be accepted equal to zero.
Hence:

A:G(T)= ArH'(298.15) — TA:S°(298.15) =0 (7)
and at T=373K

. AH
AS = TT (8)

In turn, the change of the entropy for reaction (6) at standard
temperature is obtained using the following equation:

From Eq. (9) the standard entropy of NiSng is given as:
S°(NiSng) = 1/3[S"(Ni3Sng) +235°(Sn) — A,S’] (10)

Using the data from Table 1 the values of kq, ky u ky were
obtained equal to —0.75, —3.00] K-! mol~! and 22.56, respectively.
The results for NiSn, Ni3Sng and NiSng heat capacity and entropy
calculations are presented in Table 2.

The heat capacity of NiSn, Ni3Sng and NiSng was estimated
with an error of approximately 5%. For NiSn and Ni3Sny4 the results
of entropy calculation from the different methods are satisfac-
torily consistent with each other. Note that the calculated value
of the Ni3Sng entropy is also in an agreement with the value
257.7] K- mol~! given in [40]. In the case of NiSng there is no con-
sistency between the value obtained by the Hertz’s formula and
those calculated by Eq. (10). It is reasonable to consider the value
5°(298.15) (NiSng)=384.3J K~ mol~! as a magnitude referred to
the hypothetical stable modification of NiSng since the constants
k1, ko and ky were deduced from the data for the stable phases
of Ni-Sn system. An argument in favor of this suggestion is the
relationship between the reduced entropy of the nickel intermetal-
lic compounds, (1/m)S°(298.15), and the number (m) of tin atoms
(Fig. 3). Fig. 3 illustrates that the value (1/m)S°(298.15) (NiSng),
obtained by extrapolation to m =10, practically coincides with the

ArS” =S (Ni3Sng) + 235" (Sn) — 35" (NiSng) (9)  same value which was found with the help of Hertz’s formula.
44
42+ L
1
£ 40 Te
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S 38t
c
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S 55l
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o
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Fig. 3. Reduced standard entropy, (1/m) $°(298.15), of intermetallic compounds in the Ni-Sn system versus the number of atoms (m) in the compound. (1) Metastable

compounds; (2) stable compounds.
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Fig. 4. Dependence of the Gibbs energy of formation of the alloys in Ni-Sn system at 298 K on tin molar fraction.

To understand the general behavior of the Ni-Sn system, the
diagrams of the Gibbs energy of formation versus composition can
be used. The calculations of the Gibbs energy of formation from
solid Ni and Sn for intermetallic phases (per one mole of alloy) were
performed using the datain Tables 1 and 2 by following well-known
equation of thermodynamics:

AfG'(T) = AjH'(298.15) — TA,S'(298.15) (11)

AfGo(T), AfH°(298.15) and A5°(298.15) correspond formally to the
mixing quantities of stoichiometric alloys in solid state at T=298 K.
The dependence of the Gibbs energy of the solid alloys versus the
molar fraction of Sn is shown in Fig. 4.

The phases located in the region of Xs,, > 0.75 are thermodynam-
ically unstable, in accordance to the rule of the tangent lines [44]
which describes the phase-coexistence conditions. It is obvious that
such behavior could be connected with the gradually growing influ-
ence of the so-called volume (size) effect. The molar volumes of
metallic nickel and tin have a large difference [45] and are equal to
6.60 and 16.30 cm? mol~1, respectively.

3. Liquid alloys

The combined approach of the modified quasi-chemical and the
Wilson-Tsuboka-Katayama models [46] was used to predict ther-
modynamic properties of the Ni-Sn liquid alloys in this work. There
are different modifications [47-51] of the original quasi-chemical
Guggenheim model [52]. Note that the CALPHAD approach has been
used earlier [31-33] to develop the thermodynamic description of
the liquid Ni-Sn alloys.

3.1. Modified quasi-chemical model

The modified quasi-chemical model differs from that of Guggen-
heim [52] by introducing the composition dependence on effective
coordination number of atoms [48] and in accordance with the work
of Blander and Pelton [49] we replace the mole fraction by the equiv-
alent fraction. The latter takes into account the shift in the maximum
of short range ordering from 0.5 mole fraction and this ordering is
generally attributed to the formation of the most stable associates.

The total excess of the entropy of mixing includes configuration
and non-configuration contributions, and it depends on the degree
of ordering in the melts [49-51]. However, in order to simplify the
formalism, we have determined the excess entropy of mixing indi-
rectly using the correlation between the excess enthalpy and the
entropy of mixing in accordance with the work of Kubaschewski
[53].

A binary system with components ‘1’ and ‘2’ in which ‘1’ and
‘2" particles are mixed by the way of substitution in a quasi-
lattice is examined by the quasi-chemical theory [47-52,54-56].
The amounts of 1-1, 2-2 and 1-2 types of pairs formed by the near-
est neighbors are determined by the value of the so-called energy
of interchange, associated with the formation of two 1-2 pairs from
1-1 and 2-2 pairs, according to the following quasi-chemical reac-
tion:
[1-1]+[2-2] =2[1-2] (12)

The constant of the reaction, which corresponds to the chemical
equilibrium between the pairs of the bound atoms in Eq. (12), can
be written in quasi-chemical approximation as:

G 2w
)-son()

Here, A;G, w, R and T are the Gibbs energy of the reaction, the
interchange energy of the reaction, the universal gas constant, and
the absolute temperature, respectively. The enthalpy of mixing,
AmH, and coefficient of activity, y;, of the end-member components
are determined by the following equations [47,52,54-56]:

—A,

k(12) = exp ( RT

(13)

Lk s 2QX1Xp
AnH = -X"Q= X7 =-3715 (14)
(x=x T [Bo1+2x]” (15)
vi= Xl.z - X,'(ﬁ-k])

Here, X', x; and Z are the molar fraction of the 1-2 pairs, the
equivalent molar fraction of the end-member component i, and
the effective coordination number; Q and § are parameters. The
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expression for X' follows:

2X1X2

. _ 16
1+8 (16)
The equivalent fractions are defined as:
b1X
_ 17
1 b1X1 + baX> (17)
baXy
X)= "7 — 18
2 b1X1 + bzXz ( )

where X; and X, are molar fractions of the components 1 and 2; b4
and b, are the numbers chosen such that x; =x, =0.5 at the compo-
sition of the maximum ordering [49-51]. According to Lupis [48] it
is convenient to introduce an auxiliary parameter, A. The expression
for A is:

—2w

A =exp (ﬁ) -1 (19)

The parameter f is given by
B=(1+4x1x0)"/ (20)

The parameter 8 is a measure of the tendency towards ordering
in the melt. 8=1 for a perfectly random mixture, 8> 1 indicates a
tendency for clustering of the end-members, and 8<1 indicates a
tendency towards the formation of a compound.

The equation of the partial enthalpy of mixing, H;, is [47,54]:

Hi=AnH+(1 —xﬂ% (21)

where

d(AmH) 1-2%  2A(1 —x)x;(2x; — 1)

—~em o 22
dx; M BB+1)° 22

To calculate the coefficients of activity at the infinite dilution of
all solutes, y7°, the excess Gibbs energy of mixing, AnG®, and the
excess entropy of mixing, A;,S, the following expressions can be
used [48]:

In yf° = 0.52°In(1 + A) (23)

AmG® = RT[x1 In(x1y1) + %3 In(x2¥2)] (24)
_ ex

Apse = Bt AnCT) (25)

As pointed above and following from Eqgs. (13)-(15), the calcu-
lation of the thermodynamic functions of mixing in the frames of
this model demands prior knowledge of the values of the energy of
interchange. The energy of interchange can be calculated according
to the following equation [56]:

2
Wr9g = ky AE {1 —exp {—a(?pdﬁ) } } (26)
Li

where ky, AE°, a, @, and A®P are the reduced constant of
Madelung (ky; = 1.6 £ 0.05), the charge transfer affinity between the
unlike atoms by formation of a hypothetically pure (100%) ionic
bond and referred to one mole of electrons, an empirical constant
equal to 0.29, the work function of crystalline lithium, and the dif-
ference in the work functions of the alloying metals, respectively.
The value of the charge transfer affinity was found in [56] on the
base of the correlation between ionic contribution to the bond
energy and the bond ionicity for compounds with ZnS and NaCl
structures, using Pauling’s method [57]; and it was found equal to
1.05+0.05eV or 101.3+4.8 kJ mol~1.

In accordance to the theory of the vacancy mechanism of fusion
[58] we accepted that the energy of interchange at the temperature
of fusion, wr, is correlated with that of solids at 298 K as

wr = 0.9&)298 (27)

Further, using the common correlation between excess
enthalpy, H®*, and excess entropy, S¢*, of mixing [48,53-56],

He = £5% (28)

where T is constant, gives:
T
wT = 0.90)293 (] — ?) (29)

The coefficient T=! for metal systems is known to be constant
and equals to 4.5 x 10~ [56].

3.2. Application of the quasi-chemical model for calculation of
the thermodynamic functions of mixing in Ni-Sn system

The calculations were performed for 1580K on the reason of
the existence of a large set of experimental data for the thermody-
namic functions of mixing at that temperature which is necessary
for the testing of the fitness of the modified quasi-chemical model.
With the substitution of the work function value for Li, Ni and Sn
(Prj=2.85, Pyj=5.20 and Ps,=4.15eV [45]) in formula (26) we
obtained wj9g =6262]mol~! and further we arrived by formula
(29) to the following equation for the temperature dependence of
the energy of interchange:

or(Jmol™') = 5636 — 0.25T (30)

The formula suggested in [59] was used for evaluation of the
coordination number (CN) of atoms in liquids:

CN = Lfl‘

=16.21u (31)
where u is the density of atomic packing in liquid. In turn, the den-
sity of atomic packing in the liquid at temperature T can be found
using the following formula [60]:

T\ 018 , 1/ | 0.249
w=mn(z) () 52)
where um and Vi, are the density of atomic packing and the molar
volume at the temperature of fusion, Tr,, respectively. Note that the
dependence of the molar volume on the temperature is expressed
by the well-known relationship of thermal expansion:

V = V[l +oy(T = Tp)] (33)

where «ay is the coefficient of the volume expansion equal to
0.87 x 10~4 cm3 K~ for tin [60]. Using V" = 17.03 cm3 mol ' and
U3 =0.396 [60], the value of coordination number for tin was
found to be equal to 6.4 at 1580 K. This value is in good agreement
with the result of a calculation performed with help of a more com-
plicated method (CN=6.9) [61]. According to the theory of [57], the
coordination number of nickel at this temperature was accepted
equal to CN=0.9(CN:)=0.9-12=10.8 (CN, is coordination number
of the crystalline nickel). We assumed that in liquid alloys, there is
a linear dependence of the effective coordination number, Z, vary-
ing from 10.8 to 6.0 with tin molar fraction increasing from 0 to 0.5,
and this number is constant and equals to 6.0 at tin molar fraction
in the region Xs, > 0.5. The later assumption is based on the data
for crystalline structure of Ni-Sn phases in which the Ni and Sn
atoms have coordination numbers 6 and 7 [62]. Integral and par-
tial enthalpies of mixing of the components calculated by Egs. (14),
(21) and (22) are given in Fig. 5. The following values for the model
parameters were used in calculations: A = —0.529; bs, =1; by =2/3;
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Fig. 5. The integral mixing enthalpy, A, H; the partial mixing enthalpies, Hs,, and Hy;, in the liquid Ni-Sn system at 1580 K according to the modified quasi-chemical model.

w1580 =5241] mol~! ; Q1580 =Zw1580 =36,687] mol-1, The numeri-
cal values of the bs, and by; parameters were calculated using Egs.
(17)and (18) and assuming that maximum of the short range order-
ing had to comply with the formation of the most thermally stable
compound in the Ni-Sn system (Ni3Sn; ). The minimum (AmHpyin)
at Xs, =0.4 coincides with the data from [13,41] and AmHpyiy iS
equal to —21.7 + 4 (modified quasi-chemical model) in comparison
with —20.0 [13] and —20.2 + 0.6 k] mol~! [41]. The limiting partial
enthalpies, H>, of Ni (referred to liquid Ni) and Sn (referred to liquid
Sn)at 1580 K are equal to —36.5 + 5 k] mol~! and —42.9 = 5 k] mol~!
(Fig. 5), respectively.

The value H{® for Ni is in reasonable agreement with HY; =
—-41.9k] mol~! at 1576K [41]. It is difficult to make a conclusion
concerning limiting partial enthalpy of mixing for Sn because as for
as we are aware there is a lack of reliable experimental data in the
literature. The agreement of the calculated and experimental data
on the concentration dependence of tin activity is satisfactory only
in the interval of compositions Xs, between 0 and 0.5 (Fig. 6). It can
be suggested that the volume effect begins markedly to intervene
with increasing of Xs,. This effect expresses the positive deviation
of the experimental values for activity from Raoult’s law and also
from the values of tin activity predicted by the model. It is nec-
essary to note that a better agreement between the results of the
calculation and the experimental data will be observed for nickel
due to the well-known rule of crystallochemistry which asserts that
insertion of atoms of smaller size into a crystalline lattice demands
lower energy contribution.

3.3. Application of the Tsuboka-Takayama-Wilson equations for
prediction of the activity coefficients and the Gibbs energy of
mixing

The Wilson’s equations [64] for calculation of the coefficients of
activity in two-component system are following:

In Y1=- IH(Xl + A]2X2) + @Xz (34)

In ¥, = —In(A21 X1 + X2) — OX; (35)

_ A A
X1+ ApXy  AnXi+X

)

(36)

where X; u X, are the molar fractions of components 1 and 2; A1,
and A, are parameters of the Wilson’s model.

The Wilson’s equations for the coefficients of activity are a pair
of transcendental equations which can be solved only numerically
when the experimental activity coefficients are known. The most
commonly used numeric methods are the nonlinear least squares,
the gradient search and the simplex pattern search [65]. In case
the coefficients of activity at infinite dilution are used, the Wilson'’s
equations are simplified to [65]:

In )/1002—11'1 A]z-‘r]—Az] (37)
Iny5°=—In Ay; +1 - Aqp (38)

Further, these equations can be reduced to the following
expression of a single variable which is solved readily by the trial-
and-error method:

% {exp [1 - % exp(1 — A12)} } (39)

Then, we have:

A =

Az =1-In(A12y7°) (40)

Taking into account the values of the coefficients of activity
(¥& = 0.017 and yg; = 0.089 calculated by Eq. (23)) and giving
index 1 to tin, index 2 to nickel we obtained after several iterations
A1z =Agpni =1.932 and Ay = Anisp =4-428. The dependencies of
the activity on the concentration calculated by Eqgs. (37)-(40) are
plotted in Fig. 6. These values are in a very close agreement with the
results of the modified quasi-chemical model. The Wilson’s equa-
tions as well as the equations of the quasi-chemical model cannot
take into account the volume effect when Xs, >0.5. To overcome
this problem we used the Tsuboka and Katayama modification [46]
of the original Wilson’s equations:

(X1 +V12X2)

| =1
=1 X1+ Ap2Xo

+(O - Oy)X; (41)
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Vo1 Xi + X2 Vi
1 =In—=——"= —(O-6Oy)X 42 Vo1 = — 4
ny=hovx (@ - 6Oy)X; (42) n=y (46)
Oy = Vi,  Vy (43)
X1+ VieXa VX1 +X3 where V; and V; are molar volumes and all other symbols have been
A Aoy indicated earlier. Note, that at V, =V; Eqgs. (41) and (42) convert to
6= XA AaXii % (44)  the original Wilson’s equations.
Fig. 6 illustrates the dependence of tin activity on tin molar frac-
Vip = V2 (45) tion, calculated by Eq. (‘41 ) compared to the experimental data [63]
Vi and CALPHAD calculations at 1573 K [32,33].
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Fig. 7. The calculated excess Gibbs energy of mixing (combined approach of the modified quasi-chemical model and the Tsuboka-Takayama-Wilson equations, curve 2) and
the calculated enthalpies of mixing (modified quasi-chemical model, curve 5) at 1580 K in compare with experimental data [13,41,63] and CALPHAD method calculations. (1
and 4) Experimental excess Gibbs energies and integral enthalpies of mixing, respectively; (3) calculated enthalpies of mixing according to the CALPHAD method [32,33].
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The molar volumes used in calculations were VJ380 =

18.62cm3mol™! and V80 =7.59cm? mol™'. It can be seen
that the Tsuboka-Katayama modification of the Wilson’s equa-
tions seems to take into account volume effect in the range of
Xsn =0.5-1.0 reasonably well. The activity coefficients of the end-
members of Ni-Sn system, corrected by the method of Tsuboka and
Katayama, were further used to derivate the concentration depen-
dence of the excess Gibbs energy of mixing at 1580 K (Eq. (24)). The
results of an application of the combined approach to the determi-
nation of the mixing quantities for liquid Ni-Sn system at 1580 K
are presented in Fig. 7 (curves 2 and 5) in compare to the experi-
mental data [13,41,63] (solid curves 1 and 4) and CALPHAD method
[32,33] (curve 3).

The following cubic polynomial [31], fitting the experimental
data [63],

AmG®™ = —85.3415X> + 188.765X2 — 103.454X (47)

where X is the molar fraction of Sn, was used to construct the com-
position dependence of the excess Gibbs energy of mixing in Fig. 7.
In turn, the following equation, representing the experimental val-
ues of the enthalpies of mixing [41]:

ApH = X(1 — X)(—46.01 — 6.788X — 209.616X2
+203.879X3 — 20.145X%) (48)

where X=Xy;, was used to plot the composition dependence of
the enthalpies of mixing. The agreement between predicted and
experimental mixing quantities for liquid Ni-Sn alloys is seen to be
reasonable.

4. Conclusions

The standard enthalpy of formation, AH°(298.15), of
a metastable NiSn was reassessed and AgH°(298.15) of a
new metastable NiSng compound was estimated. These val-
ues were found equal to —54+4 (in good agreement with
calorimetric measurement of Clarke and Dutta [6]) and
—85+5kjmol~1, respectively. The limiting partial enthalpy
of Niin solid Sn (Hjj;, (Ni)=—3 £ 1kJ mol~1) and Sn in solid Ni (Hj;,
(Sn)=—-49+4kJmol~1), referred to the solid state of the solutes,
were determined by a graphical method. The value of Hj, (Sn)
agrees well with data [6].

The heat capacity of NiSn, Ni3Sng and NiSng was estimated by
Kireev's method with an error of approximately 5%. The calcu-
lated C;,’m(298.15) values of these compounds are 45.1, 160.3 and
228.0] K~ 1 mol~1, respectively.

Using different approaches 5°(298.15) (Ni3Sng)=256.4+5,
$°(298.15) (NiSn)=71.7+2 and S$°(298.15) (NiSng)=420.7+
5JK-1 mol~! were calculated. The value for Ni3Sny is very close
to (257.7JK-1mol-!) tabulated in a reference book [40]. The
entropies of NiSn and NiSng were estimated for the first time.

It was shown that there is no minimum in the Gibbs energy
diagram for Ni-Sn system in the vicinity of NiSn and NiSng. There-
fore, we can adopt the point of view of Augis and Bennet [7] that
the equiatomic NiSn is an extension of the composition range of
Ni3Sn, and not a low-temperature equilibrium phase. The com-
pound NiSng supersaturated by Sn, is also not a low-temperature
equilibrium phase.

The modification of Guggenheim’s quasi-chemical model
including the Blander-Pelton and the Lupis approaches was devel-
oped for liquid binary systems. Methods for the determination of
the model parameters were presented. These methods were based
on prior knowledge of the available values of the work function of
the constituents and the structural data of the constituents and the
intermetallic compounds. It was shown that the modified quasi-
chemical model as well as Wilson’s model can predict the integral

and partial enthalpies of mixing in good agreement with experi-
mental values. The limiting partial enthalpies, H, of Ni (referred
to liquid Ni) and Sn (referred to liquid Sn) at 1580K are equal
to —36.5+ 5 and —42.9 + 5 k] mol~!, respectively. The model takes
into consideration the effects of the temperature and the short
range ordering on thermodynamic functions of mixing, and has
the advantage that prior knowledge of the experimental mixing
quantities is not required. The values of the limiting coefficients of
activity for Ni and Sn at 1580K are: y& = 0.017 and yg; = 0.089.
The field of application of this model for the coefficients activity and
Gibbs energy of mixing seems to be limited to the systems where
the volume effect does not intervene.

The combined approach on the base of the modified
quasi-chemical model and Tsuboka-Katayama-Wilson’s equations
reproduces in a good approximation the experimental data on the
coefficients activity and the Gibbs energy of mixing for Ni-Sn sys-
tem. Finally, the extension of this approach to the binary systems,
where the volume effect is inherent, is motivated.
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