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Abstract

The vaporisation of a liquid Cu-In—Sn system has been investigated between 1273 and 1473 K using Knudsen effusion mass spectrometry
(KEMS) and the data obtained fitted to a Redlich—Kister sub-regular solution model. We examined 23 different compositions at four fixed indium
concentrations: x, =0.20, 0.25, 0.29, 0.30 and 0.40 and evaluate the thermodynamic activities of all three components, not by applying the standard
KEMS pressure calibration procedure, but from the measured ion intensity ratios of Cu* to Sn* using a recently published mathematical regression
technique. The intermediate data obtained directly from the regression technique are the Redlich—Kister ternary L-parameters that are, as a function

of temperature, as follows:

L0 =(—59473 £ 7057) + (726.8 £ 42.3)-T — (89.0 & 5.1)-T-In(7);

L'=(156840 £ 5.2E — 9) — (80 £ 3.3E — 11).T— (5.57E — 11 £4E — 12)-TIn(T);

[2=(—137168 £ 8819) +(592.4 + 52.9)-T — (70.6 £ 6.4)-T-In(T).

By using these values together with binary parameters taken from the literature, we were able to calculate several other thermodynamic functions
of mixing. In particular, the partial heat of mixing of indium and its activity, which we evaluated and compared with the measured values along
the Cu/Sn =1 isopleths. We obtained a good agreement between the calculated and measured values for partial heats while in the case of activity a
good agreement between the two data sets is limited to a lower mole fraction of indium.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The search for a replacement for tin—lead solder in the
electronic industries is of increasing importance. According to
the European Directive covering “Waste from Electrical and
Electronic Equipment” (WEEE Directive from 2000) there will
be a complete ban on the use of lead solders after January 2008.
There is a general agreement that there will be no single drop-in
replacement for lead—tin solders and that the future choice of
solder material will be application-dependent. A number of
possible replacements are under investigation including binary,
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ternary and even quaternary alloy systems composed of Sn,
Cu, Ag, In, Zn, Ni, Au and Pd. Indium is included here due
to its low melting point while palladium, gold, copper and
nickel also represent possible substrate materials. Among the
options available, many regard the Ag—In-Sn and Cu-In-Sn
ternary alloy systems as candidates for suitable replacements
for lead-tin solder, the latter being of interest in the present
work.

All binary combinations of the elements mentioned above
have been studied using different methods to obtain their activi-
ties and other thermodynamic quantities of mixing. We can use
this data to make a critical assessment of a particular binary sys-
tem. As a result, a set of thermodynamic parameters is available
to describe the phase equilibrium of binary systems. How-
ever, for ternary and quaternary systems the greater number
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of solid phases makes the situation complex and less experi-
mental activity data and phase diagram information exists. In
general, the ternary interaction parameters are obtained from
various experimental data including a phase diagram, chem-
ical potential, thermodynamic activity and enthalpy data by
trial and error or better still mathematically using the CAL-
PHAD method [1-3]. In 2001 Miki et al. [4] were able to
show, that by using the Redlich—Kister sub-regular solution
model they could obtain the ternary interaction parameters
from direct mass spectrometric measurements. More recently,
Schmidt and Tomiska [5] independently developed a similar
mass spectrometric method by using thermodynamic adoptive
parameters (TAP) to describe the individual phases present.
In our work, we use Miki’s mass spectrometric method to
determine ternary interaction parameters of a Cu—In—Sn liquid
system.

2. Experimental

For our experiments, we used a Nier type mass spectrome-
ter in combination with a Knudsen cell. Although, the exper-
imental technique is described in full elsewhere [6], in brief,
a typical experiment consists of heating the sample in the cell
to a specific temperature. The sample vapours, effuse through
a small cell orifice, into the ionisation chamber where they
are ionised prior to being separated by their masses before
being detected and their abundances measured using an elec-
tron multiplier operated in the counting mode at —3.0kV feed
(for a detailed description of the experimental setup see Ref.
[7D).

In such an arrangement, above the condensed sample, it
is possible to obtain the equilibrium vapour pressure (p;)
of the molecular species °j°, within the Knudsen cell, using
Eq. [1]

Cons-TZ I;Z
pj=
! of o Mk Yk

ey

where 1 J; is the intensity of ion k formed from the molecular
species j; T the absolute temperature of the Knudsen cell; Cons
the general sensitivity constant of the particular instrument; o;
the ionisation cross section of the molecular species j at the
measured ionising electron energy; njx the isotope correction
factor of ion k; -y is the multiplier efficiency for ion k.

We can also obtain the variation in the vapour pressure ratio
of the two given species with temperature by measuring their ion
current ratio variation without explicit knowledge of the values
of the parameters in Eq. (1). This important feature of Knudsen
Cell Mass Spectrometry (KCMS) makes it an effective technique
for measuring the activities and thermodynamic quantities of
binary systems [8].

3. Thermodynamics and Redlich—Kister sub-regular
solution model

The Gibbs energy of a binary liquid or solid mixture can be
described as random mixtures of elements A and B by a sub

regular-solution type model (Eq. (2)):
G = XAGOA + XBG% 4+ RT(XA In Xp + X In XB)

+ XAXp (Zum - XB)"> )

i=0

where X4 and Xp are the mole fractions, and G} and Gy are the
reference state of both elements. The first two terms represent
the mechanical mixture of the elements, the third the entropy of
mixing (ideal mixing) and the fourth the excess Gibbs energy.
This excess Gibbs energy is characterised by values of L’s called
binary interaction parameters, which are already determined for
the majority of liquid binary systems. Binary parameters can
further be used to obtain the excess Gibbs energy (GF) of a
ternary system after the method of Muggianu [9], as follows:
Eq. (3).

nAB NS
G = XaXp) LIP(Xa — Xp)' + XaXc) LPC(Xa — Xo)
i=0 i=0
npc )
+XpXc) LPC(XB — Xo) + XaXpXclLyPC(Xa)
i=0
+L1PC(XB) + L3P (X)) (3)

The last term, defined by LABC includes the contribution of the
ternary interaction to the Gibbs energy.

In the work of Miki et al. [4] it is assumed that all three
ternary parameters are equal in which case the last term of Eq. (3)
reduces to LABC (Xa XgXc). In our case, no such simplification is
possible making the mathematical analysis of the experimental
data increasingly complex.

For the ternary system investigated in this work we substi-
tute the notation A, B and C with Cu, In and Sn, respectively.
By partial differentiation, we obtain the excess partial chemical
potential of Cu and Sn as (Egs. (4) and (5)):

9GE JGE

E E

uéy =G —XI( ) +(1—Xc)< > “
Cu "\ X1/ cu Y\ 8Xcu /1,

aGE aGE
E E
E =G —xc( )_x1< > )
Sn “\0Xcu /1y "\ 80X / oy
and therefore:
E
E E YCu oG
Uey — sy, = RT In < ) = < ) (6)
cu Sn ¥Sn 0Xcu/ 1n

The excess Gibbs energy Eq. (3) for a Cu-In—Sn ternary
system, using the necessary number of binary and ternary L
parameters then becomes Eq. (7):

G® = XcuXm[LEu1n + LéyinXcu — X1n)
+ L3 n(Xcu — X1+ Xcu(l — Xcu — Xin)
X [Ley—sn + Léu-sn@Xcu — 1+ Xin)
+ LEy snXcy — 1+ Xim)*] + Xin(1 — Xcu — Xin)
X [LY o0+ Liqn X — 14 Xcu)l
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+ XcuXm(1 — Xcu — Xin)[LEy—insn X Cu
+ LlCu—In—SnXIrl + L%?u—ln—Sn(1 — Xcu — Xm)] @)

Here, nap for the In—-Sn binary is 2 (Eq. (18)), since only two
binary parameters describe the In-Sn system whereas for Cu—In
and Cu—Sn n=3 (Eqgs. (16) and (17)). The mole fraction of Sn
in Eq. (7) is replaced with Xg, =1 — Xcy — X1n-

1 (2Xsn — Xcu) - XcuXm)1  ((Xsn — Xcu) - X3,
1 (2Xsn— Xcu) - XcuXm)y  (Xsn — Xcu) - Xi),

1 (2Xsn— Xcw) - XcuXm)y  (Xsn — Xcu) - XG),

Eq. (6) shows that the partial derivative of GF is needed with
respect to Xcy at constant Xy,. After rearrangement, the resulting
(dGE/9Xcy)/X1n can be expressed as Eq. (8):

dGE
< ) = Lgu—ln—Sn(ZXSn — Xcw)XcuXm
0Xcu/ 1

+ Léytn-sn(Xsn — Xcu)(Xm)?
+ LEyin-sn(Xsn — 2Xc)XsnXm — Y (8)
where
Y = —{XnlLy 1 + Ly in(Xcu — Xmn)
+ L2 n(Xcu — X1)?] + XeuXinl Ly gy
+2L%, 5, (Xcu — Xl + (1 — X1 — 2Xcu)
X [Ley—sn + Léusa(2Xcu — 1+ Xn)
+ LEy—sn(Xcu — 1+ Xi)*1+ Xcu(l = Xin — Xcu)
X [2L ¢y sn + 4LEu—sa(2Xcu — 1+ Xin)]
— XtnlLpy—sp + Lin—sn(3Xin — 2 +2X1)]
From the basic KEMS, using Eq. (1), it can be shown that:
(8GE) =R-T-1n<ycu) —R-T-In (M‘) LC
0Xcu/)m YSn I$ - Xcu

©))

where y represents the activity coefficient of a given element and
Cis an experimental constant (does not depend on composition).
The equation includes the parameters described in Eq. (1) and the
standard Gibbs free energies of evaporation of the pure measured
elements.

Introducing the notations

It X

YY=R-T. In(-Cul5n (10)
+
ISnXSH

and

Ysumma=Y +YY (11

it follows that:

Ysumma = —C + L, 1 sn(2Xsn — Xcu)XcuXin
+ Léyin—sn(Xsn — Xcu)(Xin)?
+ L& in_sn(Xsn — 2Xcu) Xsn X (12)

where Xcy + X1 + Xcu = 1.
We obtain the parameters by solving a set of linear equations:

((Xsn —2Xcu) - XSnXIn)l —C Ysumma;

((Xsn —2Xcu) - XsoXm)2 | | Lyinsn | _ | Ysummay
L(li‘u—ln—Sn -

((Xsn —2Xcw) - Xso Xty | L L&, gsn Ysumma,

where ‘n’ is the number of the measured compositions and since
23 compositions were measured, the solution to the linear equa-
tions must be replaced with a regression problem.

4. Sample preparation and measuring procedure

Known quantities of metals purchased from SIGMA-
ALDRICH (500 mg of total mass) were collected in a small
graphite cup and placed inside a vertical quartz tube into which
a 7% hydrogen in argon mixture was fed during the melting
process at 800 °C for 2h. The use of a reductive atmosphere
during melting was necessary to expel any traces of oxygen
present in the metals as a surface or bulk impurity. When using
pure (99.99%) argon as a protective gas an intense signal for
the InpO™ ion appears in the mass spectrum. InyO is formed
according to the following reaction [10]:

InyO3(s) + 4In(liquid) = 3In,O(g)

The high volatility of In,O enhances the loss of indium during
its pressure determination (mass loss experiments). Neverthe-
less, in spite of using the reductive gas for sample preparation it
was not possible to avoid the appearance of traces of the In,O*
ion in the mass spectrum. Typically, the sample was loaded in
a cylindrical alumina cell (10mm x 10 mm @) with a channel
type orifice of 0.55 mm diameter. The cell was inserted in the
evaporator [7] and evacuated to high vacuum. The cell was then
heated to 1473 K at 20 K/min. The abundance of In,O" ion was
monitored during the temperature gradient. At 1473 K the ion
abundance rapidly decreased to below 500 counts/s. A typical
mass loss (loss of mostly indium via In,O) during heating was
less than 0.5mg. At 1473 K the intensities of the 3Cu* and
1208n* jons were measured at 10° intervals down to 1273 K.
The raw data for a typical run (sample no. 17, see Table 3) are
depicted in Table 1.

A second type of experiment involving the direct indium
activity measurement was performed using the standard Knud-
sen effusion mass loss rate method [6]. In this case, the method
involves measuring the mass loss rate of the alloy sample relative
to the mass loss rate of pure indium at an equivalent temperature.
We performed these measurements at 1173 K. To accomplish
this, the cell was loaded with known amounts (1000 mg) of the
alloy and/or pure indium, evacuated and heated to 1173 K at
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Table 1
Ton currents of %3Cu and '2°Sn in variation of temperature for Cug 304—Ing3—
Sng 396 alloy

Table 2
Experimental data for indium activity determination of Cu—In—Sn alloys using
Knudsen effusion (mass loss) method

n
T (K) S 1¢ (Hz) 12074 (Hz) In ( ;% : §§g:)
1485 12900 44000 ~0.9626
1475 12300 41800 ~0.9589
1463 10000 33000 ~0.9295
1453 7900 28000 ~1.0010
1446 7300 24300 ~0.9382
1439 5700 20600 ~1.0204
1430 4800 17700 —1.0406
1415 3700 13400 ~1.0225
1402 2850 11000 10862
1390 2500 9600 ~1.0811
1371 1704 6662 ~1.0991
1355 1236 5260 ~1.1839
1348 1 4633 ~1.1636
1332 750 3228 ~1.1952
1326 742 3188 ~1.1934
1310 577 2567 ~12283
1297 418 1963 —1.2824

20 K/min. After an appropriate time the cell was cooled to room

temperature and weighed. The activity of indium was then deter-

mined using Eq. (13):

_ Amsample/ Atsample
Amln(pure) / Atln(pure)

am 13)
where Am and At represent the mass loss and the time of evapo-
ration, respectively. Several runs were performed for each com-
position as shown in Table 2 . This simple relationship implies
that activity can be determined with reasonable reliability since
the systematic error can result only from the enhanced evap-
oration of indium via the loss of InpO(g) and a small change
in composition during evaporation. A typical mass loss from
an initial 1000 mg of sample is only 0.5-4 mg, and means that
no composition correction is required. We also assume that at
1173 K the contributions of Cu and Sn to the total mass loss are
negligible.

5. Results and discussion

In an early stage in our investigation we supposed that, as in
the work of Miki et al. [4] (Ag—In—Sn system), only one ternary
parameter is sufficient to characterise the Cu—In—Sn liquid sys-
tem. Therefore we followed strictly Miki’s [4] derivation. In
addition, we took the decision to measure the Cu* and Sn* ion
intensities and not that of In* due to the high indium vapour
pressure. According to Miki’s original procedure, the ternary
parameter was represented by the slope of Ysumma versus
Xsn-(—Xag +X1p). It should be noted that our sample compo-
sitions were selected so that the maximum possible range of
the X-axis [Xm-(Xsp — Xcu)] was achieved. At the same time
the mole fraction of indium had to be kept low to prevent the
excessive mass loss of indium at higher temperatures and to stay
in the effusion regime [6]. The result was that we succeeded
in measuring the X-axis within —0.2 < Xi,-(Xsp — Xcy) > 0.2.
Fig. 1 show the measured compositions in the ternary composi-

Composition Evaporation Mass Mass loss Activity
(Sn/Cu=1) time (h) loss (mg) rate (mg/h)
X1, =0.05 41.50 1.92 0.0463 0.103°
45.92 1.34 0.0292 0.065
43.08 0.96 0.0223 0.049
23.28 0.57 0.0245 0.054
66.08 1.78 0.0269 0.060
Average 0.057
Xm=0.1 45.83 2.49 0.0543 0.12°
21.50 1.00 0.0465 0.10
42.00 2.06 0.0490 0.11
Average 0.11
X1n=0.15 42.97 3.31 0.0770 0.17
45.47 3.09 0.0680 0.15
43.03 2.87 0.0667 0.15
Average 0.16
Xm=02 23.92 2.51 0.1049 0.23
22.42 2.41 0.1075 0.24
Average 0.24
Xm=03 17.72 3.30 0.1863 0.41
18.83 3.05 0.1619 0.36
21.38 3.50 0.1637 0.36
Average 0.38
Xmn=04 19.00 3.41 0.1795 0.40
19.00 3.45 0.1816 0.40
18.00 3.36 0.1867 0.41
Average 0.48
Xm=05 11.72 2.61 0.2228 0.49
11.50 2.57 0.2235 0.50
10.90 2.26 0.2073 0.46
Average 0.48
Xm=0.6 10.17 2.99 0.2941 0.65
10.17 2.93 0.2882 0.64
10.17 2.97 0.2921 0.65
Average 0.65
Xm=0.7 10.17 3.21 0.3157 0.70
10.17 3.47 0.3413 0.76
10.17 3.47 0.3413 0.76
Average 0.74
Xm=0.8 10.17 3.92 0.3856 0.86
10.17 4.13 0.4062 0.90
10.17 3.81 0.3748 0.83
10.17 4.80 0.4721 1.05°
10.17 4.00 0.3934 0.87
Average 0.87
Pure In 10.17 4.52 0.4446 0.99
10.17 4.53 0.4456 0.99
10.17 4.62 0.4544 1.01
10.17 4.45 0.4377 0.97
10.17 4.77 0.4692 1.04
Average 0.45032
Xm=04 10.17 2.15 0.2115 0.47
10.17 2.06 0.2026 0.45
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Table 2 (Continued )
Composition Evaporation Mass Mass loss Activity
(Sn/Cu=1) time (h) loss (mg) rate (mg/h)
10.17 2.42 0.2380 0.53°
10.17 1.50 0.1475 0.33°
10.17 1.96 0.1928 0.43
10.17 1.89 0.1859 0.41
10.17 1.88 0.1849 0.41
Average 0.43
Xm=0.5 10.17 2.67 0.2626 0.58
10.17 2.27 0.2233 0.50
10.17 2.28 0.2243 0.50
10.17 2.56 0.2518 0.56
10.17 2.66 0.2616 0.58
10.17 2.50 0.2458 0.55
Average 0.54
Xm=0.6 10.17 3.00 0.2951 0.66
10.17 2.98 0.2931 0.65
10.17 2.89 0.2843 0.63
10.17 2.79 0.2744 0.61
Average 0.64
Xm=0.7 10.17 3.61 0.3551 0.79
10.17 3.53 0.3472 0.77
10.17 3.65 0.3590 0.80
Average 0.79

2 Average mass loss of the pure indium.
b Not included in averaging.

tion diagram while Table 3 gives the temperature dependence of
YY = RT In(I{, Xsn/Ig, Xsn) in the form of («/T) + B for each
measured composition.

Fig. 2 represents the values of ¥, YY and Ysumma as a
function of Xp,-(Xsp — Xcu). We note here that Y is the deriva-
tive of the binary part of the total GE with respect to Xcy
at constant Xy, : (aGE/ 0Xcu)y,, which is independent of our
measurements but is a function of the binary parameters taken
from the literature. In contrast, we obtain YY directly from our
measurements. We also observe in Fig. 2 that both Y versus
Xin-(Xsn — Xcu) and YY versus Xp,-(Xsp — Xcu) are more scat-
tered than Ysumma versus Xi,-(Xsp, — Xcy). In an ideal case

—— U T T U ————¢
In 00 01 02 03 04 05 06 07 08 09

Fig. 1. Compositions of the measured samples.

Table 3
The parameters of YY = RT In(Icy Xsn/IsnXcu) = (@/ T) + B equation for all
the measured compositions

(k] )

Sample Xcu Xsn Xin a B
1 0.1 0.6 0.30 —2448.6 0.51
2 0.5 0.1 0.40 —5246.6 2.69
3 0.533 0.267 0.20 —4859.0 2.54
4 0.267 0.533 0.20 —2019.3 0.26
5 0.2 04 0.40 —3687.3 1.53
6 0.4 0.2 0.40 —3942.3 1.80
7 0.3 0.3 0.40 —1794.6 0.25
8 0.15 0.45 0.40 —2508.4 0.80
9 0.45 0.15 0.40 —5215.9 2.73
10 0.1 0.5 0.40 —2525.3 0.65
11 0.583 0.117 0.30 —4942.5 2.65
12 0.16 0.64 0.20 —3827.0 1.48
13 0.64 0.16 0.20 —3760.0 2.05
14 0.1 0.6 0.30 —2448.4 0.51
15 0.6 0.1 0.30 —3528.5 1.77
16 0.631 0.079 0.29 —2289.0 1.01
17 0.304 0.396 0.30 —3418.6 1.37
18 0.396 0.304 0.30 —3848.5 1.74
19 0.64 0.16 0.20 —3309.6 1.77
20 0.436 0.364 0.20 —3965.3 1.71
21 0.4 0.4 0.20 —3097.3 1.11
22 0.625 0.125 0.25 —4966.4 2.89
23 0.127 0.573 0.30 —2270.1 0.45

The values behind = are the standard deviations of the statistical error.
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Fig. 2. Top: Y as a function of Xp,-(Xsp —Xcy) at 1373 K; middle: YY as
a function of Xp,-(Xsn, — Xcu) at 1373 K; bottom: Ysumma as a function of
Xin-(Xsn — Xcu) at 1373 K.
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Table 4
Ternary L-parameters obtained by the multilinear regression at selected temperatures
T (K) —C (intercept) (J/mol) LY (J/mol) L' (J/mol) L? (J/mol) Correlation
coefficient
800 —13136 (£5%) 45945 (£70%) 92019 (£70%) —38648 (+£90%) 0.669
1000 —11632 (£4%) 52377 (£40%) 76890 (£50%) —31879 (£75%) 0.808
1273 —8630 (+3%) 55509 (£16%) 55288 (£30%) —25980 (+40%) 0.954
1323 —7980 (£3%) 55515 (£12%) 51190 (£25%) —25241 (£30%) 0.970
1373 —7302 (+£3%) 55294 (£10%) 47169 (£25%) —24645 (£25%) 0.979
1423 —6596 (£2%) 54950 (£10%) 43041 (£25%) —24100 (£25%) 0.981
1473 —5864 (+£2%) 54450 (£10%) 38901 (£30%) —23665 (£30%) 0.972

—C=—(4817 £ 1487) — (115.0 £ 8.9).T
+(15.7 £ 1.1)-TIn(T)

10=(—59473 £7057) + (726.8 £ 42.3)-T
—(89.0+5.1)-TIn(T)

L'=(156840+£52E—9) — (80 £3.3E—11).T
—(5.57B-11 £ 4E — 12)-TIn(T)

12=(—137168 = 8819) + (592.4 & 52.9)-T
—(70.6 £ 6.4)-T-In(T)

The parameters of the L(7) functions. The values behind =+ are standard deviations of the statistical error.

involving no measuring error and true values for the binary
parameters, only the sum of ¥ and YY, i.e., Ysumma, should
be a smooth function of Xi,-(Xsn, — Xcy) in contrast to the Y and
YY versus Xip-(Xsn — Xcu) (see the number legends in Fig. 2).
This is obvious since the same value of Xi,-(Xsn — Xcu) can be
obtained from different compositions. Miki and Ogawa [4,11]
define the ternary interaction parameter (one only) by the slope
of (Y+ YY) versus the corresponding X-axis. It is evident from
Fig. 2 that in our case no such treatment is possible due to the
non-linear dependence of Ysumma versus Xi,-(Xsy — Xcy) and
multiple regressions are necessary (see Thermodynamics and
solution models). We performed the regression analyses between
1273-1473 and at 1000 and 800 K. Table 4 gives the result-
ing regression parameter values together with their correlation
coefficients. To present the correlation of the data in graphical
form, the appropriate two-dimensional functions are plotted and
Fig. 3 shows the measured Ysumma plotted against the calcu-

-160004
-14000-‘
-12000-
-1 0000—-

-80004

. T=1373K
-6000-

Ysummacalc

slope=0.96829

-40004 intercept= -251.5

-20004

0

TR LI ST L S LT T X 1
0 -2000 -4000 -6000 -8000 -10000 -12000 -14000 -16000

Ysumma

Fig. 3. The good correlation between calculated summacalcY and directly mea-
sured summaY indicates the reliability of the results at 1373 K. The correlation
at 1000 K is much worse (slope =0.8, intercept = —2400).

lated Ysumma, i.e Ysummacalc which is calculated from the
parameters obtained from the multilinear regression (see Eq.
(12)). Fig. 3 shows how, as in an ideal case, the Y-intercept nears
zero and the slope is almost one. At lower and/or higher tem-
peratures this correlation is not as strong indicating a non-ideal
correlation between our measured temperature trend (values o
and B, Table 3) and the temperature variation of the published
binary parameters (see Eqs. (16)—(18)). The parameters obtained
from the multilinear regression as a function of temperature are
shown in Fig. 4. From a fit of the values between 1273 and
1473 K (measured temperature interval) to a A + BT+ CTIn(T)
form we observe that L? and L? have a non-linear dependence on
temperature while L' and C are essentially linear. In addition, at
800 and 1000 K the extrapolated values coincide with individual
values obtained from multilinear regression. This is a surprising
result since the parameters obtained from the multilinear fitting
at 800 and 1000 K possess large uncertainties (~80%) due to
these two temperatures being below the temperature range of
the KEMS measurements. At 800 and 1000 K, the validity of
the parameters « and g in Table 3 was not expected. The ternary
L-parameters and their temperature dependence obtained by us
have been compared with the values assessed by Liu [12]. Fig. 4
shows a complete mismatch.

We believe it is instructive to compare the regression param-
eter C with its real physical meaning. Refs. [4,5,11] show that
the regression parameter C refers to the expression (14)

o o kc
AvapGey — AvapG, + RT In (k“) (14)

Sn
where Ay,pG® is the standard Gibbs free energy of evaporation
and the £’s represent the first term on the right hand side of Eq.
(1), the value of which can be determined. Using the literature
values for Ay, G° [13] and the corresponding parameter values
defined in Eq. (1), the values obtained from Eq. (14) are in good
agreement with the regression parameter C in the measured tem-
perature interval (Table 5), and is still acceptable at extrapolated
temperatures. It may therefore be assumed that other regression
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Fig. 4. Top: the Redlich—Kister ternary L-parameters as a function of tempera-
ture obtained in this work. Botfom: The Redlich—Kister ternary L-parameters as
a function of temperature assessed by Liu [12].

parameters LOCU_IH_SH, Llcu_ln_Sn, L%u_ln_Sn can be considered
as reliable at least between 1273 and 1473 K.

We can obtain the excess integral Gibbs energy using Eq.
(7). Using Eqs. (4) and (5) and by analogy (15) the partial excess
chemical potentials and/or activities of all three components can

Table 5
Values of C, obtained from the literature data and from this work, for selected
temperatures

Grapca™Foapsn MG HRTI(FE58 ) ¢
T(K) pJ/mo]e t J/mole( e ) J/mole
800 —11210 —11946 —13130
1000 —9212 —10131 —11630
1273 —6484 —7654 —8629
1323 —5984 —7200 —7979
1373 —5484 —6746 —7300
1423 —4985 —6293 —6595
1473 —4485 —5839 —5864
ocu=3.75(25¢eV) ncu=0.69

oen=7.02 25ev) el 16] Nsn =0.33

1.0
LV o
Cu-In-Sn system at 1173K L
0.8 V.2
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Fig. 5. The calculated (modelled) and measured activity of indium along the
Xcu/Xsn =1 isopleths as a function of X1, at 1173 K. Solid line: calculated using
our ternary parameters; dashed line: calculated using Liu’s ternary parameters;
circles: measured data from Yamaguchi [14]; triangles: measured data, this work.

be determined.

JE Z GE_ x (aGE> X <aGE> (15)
n ! 8XCu Xsn ! 8XSn Xcu

Fig. 5 shows the calculated activities for indium at the Cu/Sn=1
section. Also shown are the activities calculated using the ternary
parameters of Liu [12]. We obtained somewhat different val-
ues at lower indium mole fractions (see Fig. 5). To compare the
obtained (modelled) results with measured values we performed
a series of Knudsen effusion mass loss rate experiments along
the Cu/Sn=1 isopleths that give the activity of indium from
Xm=0.05 to X1, =0.8 (Fig. 5). We observe a good agreement
between the indium activities obtained from our own mass loss
experiments and the experimental data of Yamaguchi [14]. This
good agreement with the values obtained from our ternary inter-
action parameters is however valid only in the low mole fraction
of the indium region. So far we have no explanation for this
mismatch between experimental and modelled values at higher
indium contents.

6. Reliability of measurements and sources of errors

The ternary interaction parameters in this work are obtained
from the literature binary parameters and from the Knudsen effu-
sion mass spectrometric measurements; the latter are relative
measurements i.e., the ratio of two ion currents measured as a
function of temperature. In our case, there is no need for pres-
sure calibration and hence we expect no significant systematic
error originating from calibration difficulties. A statistical error
however does remain in the uncertainties of @ and 8 in Table 3.
On the contrary, the use of binary parameters introduces system-
atic error only and it is therefore important to use well assessed
and accepted values. The following values used in this work for
Cu-In and Cu-Sn binaries were taken from Ref. [12] but are
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also accepted by Ref. [15]

LY, . = —41564.79 +238.616 - T —29.827 - T - In(T)
LL,_;, = —76057.785 + 371.306 - T — 44.944 - T - In(T)

L2 . = —42076.516 + 192.395 - T — 23.281 - T - 1n(T)(16)
LY o =—9002.8—5.8381-T

LY o =20100.4 +3.6366- T (17)

2
LY, g, = —10528.4

For an In-Sn liquid system however, there are a number of
parameter sets [ 16—19] resulting in different excess Gibbs energy
(Fig. 6). All sets are considered in our calculations but no sig-
nificant differences exist in the resulting ternary L-values. This
is probably due to the low contribution of the binary In—Sn to
the total excess Gibbs energy of the ternary system Eq. (7). But
it is noteworthy, that the best correlation of multiple regression
was obtained using the binary data of Ansara [19], Eq. (18) for
In—Sn. In contrast, the worst correlation is in Liu’s data [12] for
In—Sn, thatis, Liu’s Gex deviates notably from the others (Fig. 6).

L) o = —828.54+0.76018 - T — 0.1212 - T - log(T) 8)
Ll o =—115.59 — 1.39997 . T

Since there is a mismatch in absolute values and temperature
trends between the ternary parameters obtained in this work
and those assessed by Liu [12], it is necessary to outline the
differences between the two approaches. The reliability of the
results in our work is based on the reliability of the three sets of
binary liquid parameters and the accuracy and/or reproducibil-
ity of mass spectrometric measurements. The assessment data
of Liu [12] depends on the reliability of the parameter sets of all
coexisting phases at temperatures below liquidus. Unfortunately,
mass spectrometric measurements were made at temperatures
sufficient and much beyond liquidus to provide measurable ion
currents for Cu* and Sn*. The thermodynamic data (ternary
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Fig. 6. Various literature data of the excess Gibbs energy of In—Sn system at
1200K.
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Fig. 7. Clausius—Clapeyron plot for indium in Cug3s5Ing30Sng3s alloy and
pure indium. From difference in slopes, partial heat of mixing is obtained as
+5.9kJ/mol.

parameters) obtained by mass spectrometric measurements must
have a reliable temperature dependence (values of « in Table 3)
to be useful for computation of the liquidus surface at temper-
atures much lower than the temperature range of the measure-
ments. However, we show that the temperature dependence of
the regression parameter —C approximates that obtained from
the literature-data obtained by independent methods, and there-
fore it is unlikely that the temperature dependence of other L’s
are far from “real” values.

As an additional proof for the reliability of our L’s we per-
formed a series of measurements that give the partial heat of
mixing of indium along the Cu/Sn=1 isopleths and compare
the calculated values using ternary parameters. We should note
that such measurements are common in KEMS studies of alloys
that typically provide partial heats of mixing with a precision
of about +0.2R, if extremely careful measurements are made.
The method involves measuring the ion current of a particular
element (indium in this case) in variation with temperature for

35000+
Cu/sn=1
300004 T=1173K
25000+
measured/ this work
T T ¥ T ¥ T v T T T
0.0 0.2 04 0.6 0.8 1.0

mole fraction of Indium

Fig. 8. Measured Hpix of indium compared with calculated values using: (a)
our ternary parameters; (b) Liu ternary parameters; (c) binary parameters only.
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a pure metal and alloy, respectively. The partial heat of mix-
ing is then obtained from the difference in the slopes of the two
Clausius—Clapeyron plots, defined as ln(Ifl’; -T)/(1/T), see Ref.
[6]. Fig. 7 shows a typical example of this type of experiment
while Fig. 8 show a comparison of the results with the calcu-
lated values. Good agreement is observed for those calculations
where our ternary parameters are used for modelling.

7. Conclusions

Ternary interaction parameters for a liquid Cu—In—Sn system
were obtained based on binary parameters and mass spectromet-
ric measurements of (Cu*/Sn™) ion current ratio dependence on
temperature. A good agreement is obtained between the indium
activities determined from the measured mass loss using the
Knudsen effusion mass loss technique and from the measured
Cu* to Sn* intensity ratios used for the Redlich—Kister sub-
regular solution model at values below x1, <0.5. A good agree-
ment also exists between the measured partial heat of mixing of
indium along the Cu/Sn = 1 isopleths and the calculated one indi-
cating that the temperature trend of our ternary Redlich—Kister
L parameter values are close to “real” values. There is, however
a complete mismatch, both in absolute values and temperature
trends, between the ternary L-parameters obtained in this work
and published values.
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