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Introduction

During the last three decades, various
thermodynamic databases have been
compiled to be applied mainly to the cal-
culation of phase diagrams of alloys,
salts, and oxides.! The accumulation and
assessment of thermodynamic data and
phase-equilibrium information to estab-
lish those databases is sometimes called
the CALPHAD (calculated phase diagram)
approach.” The CALPHAD approach has
been recognized as useful in various
aspects of materials science and engi-
neering.” In addition to the use of ther-
modynamic databases for the calculation
of phase diagrams, it would be very de-
sirable to apply them to the calculation of
other physicochemical quantities, such
as surface tension. By doing this, not
only can the utility of databases be en-
larged, but also a deeper understanding
of the physical properties in question can
be reached.

On the basis of the concepts just men-
tioned, we have applied those thermody-
namic databases to the calculation of the
surface tension of liquid alloys and molten
ionic mixtures.>” In these calculations, we
have applied Butler’s equation® for the
surface tension of liquid alloys. In addi-
tion, we have modified Butler’s equation
to be extended to molten ionic mixtures
by considering the relaxation structure in
the surface. These approaches will lead us
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to develop a multifunctional data-bank
system that will be widely applicable in
the evaluation of physicochemical prop-
erties of liquid alloys and molten ionic
mixtures from thermodynamic data.

In this article, we explain some physi-
cal models for the surface tension and
viscosity of liquid alloys and molten ionic
mixtures, in which thermodynamic data
can be directly applied to evaluate these
physical properties. In addition, the con-
cept for the just-mentioned multifunc-
tional thermodynamic data-bank system
will be described by demonstrating the
simultaneous calculation of phase dia-
grams, surface tension, and viscosity of
some alloys used for new, Pb-free solder-
ing materials.

Butler’s Equation for
Calculating Surface Tension of
A-B Binary Liquid Alloys

Several authors®#9-'7 have proposed cal-
culations of surface tension of liquid al-
loys by employing thermodynamic data,
as shown in Table I. Their principles are
based on Butler’s equation,® which is ex-
pressed for surface tension o of any A-B
binary liquid alloy as follows:

=0 +RT1 (=N -
- KMoz he
YT AL Q-ND

1 — 1 —
+—GE’ST, Sy __ _* ~EB i B
. (T, Ng) AAGA (T, Ng)

RT Ni 1
= o+ In—2 + —GETN§
o3 AB nNg 2.0t (T,Ng)
1 — .
- Z;GBE’B(T, N§). 1

Butler derived Equation 1 assuming an
equilibrium between a bulk phase and a
surface phase, which is regarded as a
hypothetical independent phase. In Equa-
tion 1, R is the gas constant, T is the tem-
perature, ox is the surface tension of pure
liquid X, and Ax is the molar surface area
in a monolayer of pure liquid X (X = A or
B). Ax can be obtained from

Ax — LN01/3 VXZ/S, (2)

where Ny is Avogadro’s number, and Vx
is the molar volume of pure liquid X. L
in Equation 2 is usually set to be 1.091 for
liquid metals, assuming close-packed
structures. Since no exact information is
available for the value of L in Equation 2
for ionic melts, L = 1 is used approxi-
mately for the fused salts. N% and N} in
Equation 1 are mole fractions of a com-
ponent X in a surface phase and a bulk
phase, respectively; GES(T,N§) is the par-
tial excess Gibbs energy of X in the sur-
face phase as a function of T and N§;
GEB(T, N§) is the partial excess Gibbs en-
ergy of X in the bulk phase as a function
of Tand N§ (X = A or B).

Relationship between Excess
Gibbs Energy in Bulk and
Surface Phases

Since GE®(T, N§) in Equation 1 can be
obtained directly from thermodynamic
databases, we only need the additional
information on GE5(T, N %) in the surface
phase. The authors®#-17 shown in Table I
proposed their own models for G%° (T, N§),
which can be summarized as follows:

GXAT,N§) =" GXALN3), ©
where g is a parameter corresponding
to the ratio of the coordination number
in the surface phase Z° to that in the bulk
phase Z®. Equation 3 means that G%°
(T, Ng), which has the same formula as
GE%(T,N}), is obtained by replacing N§
by N§ in G¥*(T,N§) (X = A or B) and
then multiplying 8™ by G%*(T, N%).
Speiser et al.’21® proposed Equation 3
with pMX = 75/78 = 9/12 = 3/4 on the
basis of the assumption that the excess
Gibbs energy in the bulk phase is pro-
portional to the coordination number Z®
(Z® = 12), and that the coordination num-
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Table I: Information on Calculation of Surface Tension and Viscosity

in Liquid Alloys.

(1) Examples of Calculations of Surface Tension of Alloys

Authors Alloys” A" inEq. 3 Ref.
Hoar et al. Sn-Pb, Pb-In 1/2-3/4 ©)
Monmaetal.  Cu-Ni, Ni-Mo 0.80-0.84 (10, 11)
Speiser etal.  Fe-Cu, Cu-Pb, Sn-Pb, Ag-Pb, Pb-In, Bi-Ag, etc. 3/4 (12, 13)
Hajra et al. Fe-§, Fe-Ni, Fe-Ti, Cu-Ag-Au, etc. 3/4 (14-17)
Tanaka etal.  a series of Fe-based binary alloys, Fe-Cr-Ni, etc. 2/3; 3/4 (3, 4)
(2) Data for Calculation of Surface Tension of Liquid Bi-Sn Alloys Ref.
oa (Nm™) = 0458 — 0.07 X (T~ 544),  os, (Nm™") = 0.560 —0.09 X (T—508) (19)
Vai (m® mol ™) = 20.8 X 10°° {1 + 1.17 x 107Y(T — 544)} (19)
Ven (M® mol ™) = 17.0 X 107 {1 + 0.87 x 10™%(T —505)} (19)
GH(T,NE) (J mol ™) = NE(1 —NE&){L° + (1 —2NE)L'); (18)

L°=490 + 097 T, L'= -30 —0.235T
G5°(T,N) (J mol ™) = (NS)HL® + (3 — 4NE)LT)
GSV(TNG) (Jmol ™) = (1 — NEYL® + (1 — aNE)L')
GEP(T,N&,) (J mol ™"y = BMX(NS)HL® + (3 — 4NE,)LT)
GSR(T, N&) (4 mol ™) = BMX(1 — NSJPLO + (1 — 4NE,)L')
{3) Calculated Results of Surface Tension of Liquid Bi-Sn Alloys
NE, 000 010 020 030 040 050 060 070 080 090 100
NS, 000 0015 003t 0051 0073 0100 0.135 0.184 0262 0.418 1.00
o(Nm™) 0374 0380 0387 0395 0403 0413 0425 0439 0458 0487 0.551
(4) Data for Calculation of Viscosity of Liquid Bi-Sn Alloys in Eqgs. 16 and 17 Ref.
pai (kg m™) = 10.05 X 10° + 1.8 x (T — 544), psn/kKg m™3 = 6.98 x 10° + 0.61
x (T — 505) (19)

Mesi (kg mol ™) = 208.98 x 1072 Msn/kg mol™" = 118.6 x 107° (19)
AGE = (J mol ™) = 8437 + 25.836T  AG#./J mol ™" = 6780 + 24.013T (34)

AG* (J mol™") = NgAG# + Ns,AGS, + 3RTNgiNsy + RT(Ng In Ng; + Ns, In Nsy) + G¥T,N2)
(5) Calculated Results of Viscosity of Liquid Bi-Sn Alloys

0.80 0.0

Nsq 000 010 020 030 040 050 060 070 1.00
n(mPas) 138 132 138 145 151 153 152 148 142 136 144
ber in the surface phase is reduced by the GENT,N) =@ - N*Z50 . (5)

ratio Z°/Z® = 9/12, compared with that in
the bulk phase, because atoms in the sur-
face lose some of their bonds with their
nearest-neighbor atoms. For example, the
partial excess Gibbs energy in the bulk
phase using a regular alloy model is ex-
pressed as follows:

GEMTLND = (1 ~NBYZBQ s,

1
Qas =45 ~ E(EAA +em), 4

where ()45 is the interaction parameter,
and e, eaa, and egg are the bond ener-
gies of A-B, A-A, and B-B pairs. When
these bond energies are assumed to be
constant in the surface and in the bulk,
the excess Gibbs energy in the surface
depends only on the coordination num-
ber. Then,
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Thus we can obtain the following
equation:

— 75 _
GRAT NB) = =5 GX*(T,N3j). (6)
ZB

The value of M in Equation 3, however,
might be affected by other factors in ad-
dition to Z°/Z"; for example, the relaxa-
tion of surface structure. Furthermore,
when applying Equations 1 and 3 to ionic
mixtures, no information on Z°%/Z% was
available. We therefore have determined
BM* as follows:*~” after the ideal surface
is created from the bulk for pure sub-
stance X, some of the binding energy in
the ideal surface U$% is assumed to be
consumed to form the relaxation struc-
ture in the surface, and the difference

between the rest of the energy in the sur-
face and the binding energy in the bulk
UZ can be seen as the surface tension o'y
multiplied by the molar surface area Ayx.
Then,

oxAx = (U>S< ~ AEx) — U?, )

where U5 is assumed to be U$ = (Z5/Z8)
Ux. In addition, the binding energy U2 is
replaced by the heat of evaporation
—AHzg,. x- The energy to form the relaxa-
tion structure in the surface AEy in Equa-
tion 7 is assumed tobe AEx = A(U$ — UE).
Then, Equation 7 is

oxAx=1{l - Bpure}AHEva,X/ ®

where B = (75 4+ A(ZP® — Z%))/Z® =
(Z%)/Z® is the apparent ratio of the coor-
dination number in the surface to that in
the bulk for pure substances, considering
the relaxation of the surface, and A is a
proportionality factor.

The relations between ox and AHg,, x/
Ax for pure liquid metals and fused salts
are shown in Figure 1. From the linear re-
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Figure 1. Relationship between o x
and AH g x/Ax in (a) pure liquid
melals and (b) pure molten salits.
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lations between ox and AHg,, x/Ax in this
figure, the following values for g7 =
(Z%)/Z® were obtained:

B = 0.83 for liquid metals
and 0.94 for ionic melts. 9)

Consequently, we assume the following
relation:

BM™* in Equation 3
tion 9.

= B in Equa-
(10)

Procedure for Calculating
Surface Tension of Liquid Alloys
The surface tension o of liquid alloys
can be calculated as follows:
(1) Set temperature T and composition
NEof an alloy.
(2) Insert the values for surface tension ox
and molar volume Vx of pure liquid sub-
stances at the chosen temperature in
Equations 1 and 2.
(3) Determine excess Gibbs energies in
the bulk phase at the chosen temperature
and composition, and substitute them in
Equation 1.
{4) Then, the two equations on the right-
hand side of Equation 1 become an equa-
tion with unknown Ni. This equahon is
solved for N§, and the value of N§ is sub-
stituted again into, for example, the first
equation of the right-hand side of Equa-
tion 1 to calculate the surface tension o of
the liquid alloy on the left-hand side of
Equation 1.

Evaluating Surface Tension of
Liquid Alloys

As an exercise in evaluating the surface
tension of liquid alloys, let us calculate
the surface tension of liquid Bi-Sn alloys
from a set of thermodynamic data'
Table I, which have been assessed to glve
accordance with the phase diagram for
this alloy system. The data of ox, Vx.,"”
and the excess Gibbs energy G¥(T, NE)'
are given ir 1n Table I. Partial excess Gibbs
energies G¥*(T,N§) and GE*(T, NB) of
components A and B are obtained from
the following relations:

— AGHT,NE
GEN(T,NE) = GET NE) - N2 L NE)
aNE
(11
GEY(T,NB) = GHTND
IGHT,N
+(1 - )___(__Bl (12)

The partial excess Gibbs energies in the
surface are obtained from Equations 3
and 10. Figure 2 and Table I show the cal-
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Figure 2. (a) Calculated phase
diagram, (b) surface tension, and

(c) viscosity in Bi-Sn binary alloys
obta/ned from a set of thermodynamic
data.”

culated results of the surface tension o of
liquid Bi-Sn alloys with the calculated
results for the phase diagram and the
viscosity of these alloys, which are de-
scribed later. The calculated results of the
surface composition N&, of the liquid Bi-
Sn alloy are shown in Table 1.

We have also calculated the surface
tension of liquid Cu-Pb and Fe-Si alloys
from Equations 1, 2, and 3 with the vari-
ous values for BMIX shown in Table I and
BMX = 0.83, based on the assumption in
Equation 10. Thermodynamic data for
Cu-Pb alloys were taken from the assess-
ment by Hayes etal.,” and for Fe-Si alloys,
from Lacaze and Sundman.?? These data
are part of the Scientific Group Thermo-

data Europe (SGTE) database.?® Figure 3a
shows the calculated results of ¢ in liquid
Cu-Pb alloys for which activities of the
components indicate large positive de-
viation from Raoult’s law.?! The relation
between NE, and N, in this alloy is also
shown in this figure. Figure 3a shows that
the calculated results of o with all of the
previously mentioned ™ values agree
well with the experimental results?4-28
and that the difference between the cal-
culated o for BM* = 1 and that for BM* =
1/2 is smaller than 30 mN m™". On the
other hand, from the calculated results of
o in liquid Fe-Si alloys in Figure 3b, we
found that the curves of ¢ calculated for
each M value can be distinguished
from each other, and the calculated re-
sult with M* = 0.83 agrees well with
the experimental data. In this alloy, the
activities of the components show large
negative deviation from Raoult’s law.?
From these calculations, it is observed
that in alloys with negative excess Gibbs
energy in the bulk, the surface tension
deviates positively from that of the ideal
alloy®as shown in Figure 3b. On the other
hand, in alloys with positive excess Gibbs
energy in the bulk, the surface tension has
the tendency to show negative deviations
from that of the ideal alloy (Figure 3a). We
found that this rule can be generally ap-
plied to liquid alloys on the basis of Equa-
tions 1-3 and 10.°

Thermodynamic Evaluation of
the Surface Tension of Molten
lonic Mixtures in Common lon
Alkali-Halide Systems

As shown in the preceding sections,
the calculated results of ¢ for liquid al-
loys from Equations 1-3 and the assump-
tion of Equation 10 agree well with the
experimental data. As shown in Figure 4,
however, the calculated results (chain
curves) from these equations for molten
ionic mixtures show some discrepancies
with the experimental data.?® As indi-
cated in Figure 3, we found that there ex-
ists a general relationship between the
composition dependence of the excess
Gibbs energy in the bulk and that of the
surface tension o in liquid alloys. How-
ever, as shown in Figure 4, the experimen-
tal results of the surface tension of those
molten ionic mixtures, of which excess
Gibbs energies are negative, show nega-
tive deviations from that of the ideal
mixture (dotted curves). The calculated
results of the surface tension of those
ionic mixtures cannot satisfy the experi-
mental results when Equations 1-3 and
10 are used, because the calculated re-
sults (chain curves) based on these equa-
tions deviate positively from those of the
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Figure 3. Calculated results of surface tension with experimental values in (a) liquid
Cu-Pb and (b) Fe-Si alloys.
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Figure 4. Calculated results of surface tension of molten ionic mixtures in common
‘jon alkali-halide systems. (a) is LiCI-KCI, (b) is NaCl-LiCl, (c) is CsBr-LiBr, and (d) is
RbBr-LiBr. — - — - — : Equation 1 + BMX = 0.94 in Equation 9; R: experimental
results®; - — - —— : ideal alloys in Equation 1; : Equation 2 + Equation 13 +
Equation 14.

ideal mixture (dotted curves). Thus the
results in Figures 3 and 4 show that some
additional factors have to be considered
in Equations 1 and 3 for molten ionic
mixtures. We have, therefore, derived
new equations for the surface tension of
molten ionic mixtures, considering the
effect of the surface-relaxation structure
on the excess Gibbs energy and the size
effect on the mixing entropy as follows:>”

RT DI 1=
U=0A+X;IHB—R+A—AG,E(S(T,N3)
1 —
____GE,BTINB
» & (T,Ng)
RT. D3 1=
=,GB+EIH‘[)—E+Z‘;G§’S(71N§)
1 —
- A—G§’B(T, N§), (13)
B
where
N3dx
D= —————— and
X= Nida+ Ngdy
NEdy
DE= —>"—— (X=AorB).
X= NEdn + NEdy or B)
‘C—;E,STINS ZSr 1
_QB( 2)= (B) —=11, (14
Gx*(T,N3) Z 4

where d, and dy are the ionic distances
of the substances A and B, which are as-
sumed here to be the sum of the radii of
the cation and anion for pure salts A and
B. (= d3/d2) is the ratio of the ionic dis-
tance in the surface phase d5 to that in the
bulk phase d§. The change in the ionic dis-
tance in the surface is caused by relaxa-
tion at the surface. { has been evaluated to
be 0.97 by Sawada and Nakamura,” from
their theoretical work on the displacement
of ions at the surface. (Z%)/Z" = M =
0.94 has been obtained in Equation 8. Fig-
ure 4 shows the calculated results (solid
curves) from Equations 2, 13, and 14 by
using thermodynamic data of G**(T,NE)
stored in the databases,** which permit
the calculation of phase diagrams of ionic
mixtures. As shown in this figure, the
calculated results (solid curves) agree
well with the experimental data.”

Evaluating Viscosity of Liquid
Alloys and Its Application to

‘Soidering Materials

Some models for evaluating the viscos-
ity of liquid alloys have been proposed,
in which thermodynamic data can be ap-
plied directly. Two models are repre-
sented in this section.

Hirai® has presented an equation for
the viscosity of liquid alloys as follows:
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Liquidus Sn
Temperature
of Sn-Sh-Bi

Alloy

Surface Sn
Tension

Sb 0.5 Bi

B Na

Viscosity Sn

Bi

Figure 5. Calculated results of (a) liquidus, (b) surface tension, and (c) viscosity in Sn-Sb-Bi ternary alloys obtained from a set of

thermodynamic data.™

B
n=A exp<ﬁ> ,

17 X 107 T M

A=
< > |
RTL

B = 2.65T 7, (15)

where M and p are atomic weight and
density of liquid alloys. Equation 15 shows
that the viscosity of liquid alloys is a
function of liquidus temperature Ty,
which can be obtained from the phase
diagram, calculated using thermody-
namic data.

Seetharaman et a proposed an-
other equation for the viscosity of liquid
alloys as follows:

1 34,35

AG*
7= A* eXP(RT)’

A* =399 X 10‘“]\%, (16)

where p = ZN;p; (p; is the density of pure
component i), M = IN;M; (M; is the
atomic weight of pure component i), and

AG* = SN/AG} + 3RTENN,
+ [RTEN;InN+ GKT,ND), (17)

where AG} is the activation energy of
pure component i. In this model, the ac-
tivation energy of the viscosity of the liq-
uid alloy, AG*, consists of the activation
energy of the pure components AG} and
the excess Gibbs energy of the alloy
G&(T, N'&), which also can be obtained from
the data in the thermodynamic databases.

MRS BULLETIN/APRIL 1999

Based on the equations of the surface
tension and the viscosity of liquid alloys
described here, we can evaluate the phase
diagram, the surface tension, and the
viscosity in alloys simultaneously from
thermodynamic data. As an example,
Figure 2 and Table I show the calculated
results of the viscosity of liquid Bi-Sn bi-
nary alloys, obtained from a set of ther-
modynamic data,'® and some physical
properties.” Figure 5 shows the calculated
results of the liquidus temperature, the
surface tension, and the viscosity of Sn-
Sb-Bi ternary alloys, in which Butler’s
Equation 1 and Equations 16 and 17 have
been extended to ternary systems. Since
this alloy is one of the candidates for Pb-
free soldering materials, the simultaneous
calculation of these properties is very
useful in searching for suitable composi-
tions for these new soldering materials.

Concluding Remarks

Thermodynamic models have been
presented for the surface tension and the
viscosity of liquid alloys and molten ionic
mixtures, in which thermodynamic data
can be applied directly. Based on the
present approach, a multifunctional ther-
modynamic data-bank system can be de-
veloped that will be widely applicable in
the evaluation of physicochemical prop-
erties of the liquid phases with the simul-
taneous calculation of the phase diagrams
in alloys and ionic mixtures from ther-
modynamic data, as shown in Figures 2
and 5.
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