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Abstract

Europe has set itself the goal of reducing net greenhouse gas emissions to zero by
2050. This requires innovative concepts for the transfer of thermal energy. One of
these could be the use of liquid metals and alloys as heat carriers. For this purpose,
the precise knowledge of the thermophysical properties of these materials is of great
importance. This study therefore aims to model the temperature dependent density
of solid and liquid near-eutectic gallium-indium-tin alloys. Three approaches—
weighted fitting of experimental data, modelling based on atomic volumes of alloy-
ing elements, and an approach that accounts for possible excess density—are uti-
lised. Details of these strategies with respect to the thermophysical properties of
the alloying elements, and the binary sub-alloys, are discussed. The resulting cor-
relations are validated using six independent experimental data sets. The study con-
cludes that, currently, the fitting polynomials are the most reliable models. The esti-
mates based on atomic volumes are in close agreement with these functions. This
is true for both the solid and liquid states. This marks the first time that the density
of the solid state of this particular alloy has been modelled. The difficulties associ-
ated with modelling the density excess are manifold. This includes the lack of pre-
cise thermophysical properties for the alloying elements. The study paves the way
for near-eutectic liquid gallium-indium-tin alloy as a heat carrier. In the view of the
potential importance of heat transfer employing liquid metals, these findings high-
light the need for further investigations in this field.

Keywords Density - Excess - Modelling - Near-eutectic Ga—In—Sn alloy

Abbreviations

¢, Isobaric heat capacity [J-kg™!-K™!]
G Gibbs energy: [J]
H Enthalpy of mixing [J-mol™!]
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ny Interaction parameters [J -mol™1]

T Temperature [K]

v, Atomic volume of component i [m*-mol~!]
X; Molar fraction of component i [—]

B Expansion coefficient [K™']

p Density [kg-m™>

Subscripts

EGalnSn Near-eutectic gallium-indium-tin alloy
eu Eutectic

fit Fitting approach

Ga Gallium

Galn Binary gallium indium alloy

GaSn Binary gallium tin alloy

In Indium

InSn Binary indium tin alloy

lig Liquid

m Melting

Sn Tin

sol Solid

Superscripts
exc Excess
i...0, 1 Constant and linear interaction parameters

1 Introduction

Europe’s Green Deal released in 2019/20 [1] aims to decrease the net greenhouse
gas emissions in the European Union to zero by 2050. In addition to reducing the
consumption of fossil fuels, this requires new and innovative approaches to thermal
energy. One such approach could be the use of liquid metals for heat transfer [2].
Knowledge of the thermophysical properties, both in the solid and liquid state of the
metals and their alloys, is of utmost importance for the correct design and operation
of corresponding devices.

For heat transfer applications, the focus is on metals with a low melting point.
This includes, in particular, gallium. Among the advantages of this boron group,
metal, and its alloys with indium and tin compared to mercury and sodium is their
low level of toxicity and the non-flammability. Furthermore, the vapour pressure is
significantly lower than that of, e.g., mercury. Gallium-based alloys show outstand-
ing high electrical and thermal conductivity combined with low viscosity. Because
of pure gallium’s already low melting point of 29.76 °C (302.91 K), all of its alloys
are likely to have even lower melting points. Therefore, especially the ternary eutec-
tic of gallium, indium, and tin has a large field of applications. They range from sen-
sor technology [3] to flexible electronics [4] and heat transfer [5]. Hao et al. [6] and
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Riehl and Buschmann [7] investigate, for example, oscillating heat pipes operated
with an emulsion of this specific alloy and water.

This study is part of a joint theoretical and experimental effort to investigate
the thermophysical properties of the ternary eutectic gallium-indium-tin alloy [8,
9]. The focus is on the temperature dependent density of the liquid and solid alloy.
Three approaches model this parameter. Based on experimental data available in
the open literature, error weighted fitting functions are derived. A second approach
models the density based on the atomic volumes of the alloying elements. Finally,
the study presents a modelling strategy considering a possible density excess. An
evaluation of the results of the study provides recommendations for application as
well as for further research tasks.

2 The Near-Eutectic Ga-In-Sn Alloy

Figure 1 shows three samples of the near-eutectic Ga—In—Sn alloy. While the use of
tin dates back to 5000 BC, the elements indium and gallium were not identified until
the end of the nineteenth century. Paul Emile Lecoq de Boisbaudran, the discoverer
of gallium, was probably the first to experiment with gallium-indium alloys [10].
Early analyses of the ternary near-eutectic Ga—In—Sn alloy can be found in reports
by Spengler [11] in the middle of the last century.

Spengler [11] already mentions that, due to the strong capability of subcooling of
the alloy, the melting temperature could not be determined exactly. Evans and Prince
[12] conduct a thorough thermal analysis of the Ga—In—Sn system, determining
the liquidus and characterising the reactions of the system. They report a eutectic

Fig. 1 Liquid near-eutectic Ga—
In—Sn alloy. The photo shows
the testing of aluminium, cop-
per, and stainless steel samples
for corrosion

@ Springer



10 Page4of22

International Journal of Thermophysics (2024) 45:10

Table 1 References for experimental density data

Reference and symbol
in following diagrams

Employed alloy as
given by the authors
Ga/ln/Sn

Measurement apparatuses

Experimental error

Prokhorenko et al. [15]

| 2

Migai et al. [16]

|

Plevachuk et al. [17]

A

Wang et al. [18]
v

Laube et al. [19]
*

Geratherm [20]

67.0/20.5/12.5 wt.%
77.3/14.4/8.3 at.%

67.0/20.5/12.5 wt.%
77.2114.3/18.4 at.%

67.0/20.5/12.5 wt.%
77.2/14.4/8.4 at.%

68.8119.2/12.0 wt.%
78.8/13.2/8.0 at.%

65.9/20.3/13.8 wt.%
76.3/14.3/9.4 at.%

NA

quartz pycnometer

buoyancy method

large drop method,

which is a modification of the ses-
sile drop method

Netzsch DIL 402C pushrod dilato-
meter

pycnometer
ISO 3507 design 3 Gay-Lussac,
Brand

NA

< +0.50%

NA

+1.50%

NA

+0.06%

NA

Italics indicate predicted values. All other values are taken directly from the original publications

temperature of 10.7 °C+0.3 K (283.85+0.3 K) and identify the ternary eutectic as
66.0 wt.% Ga, 20.5 wt.% In, and 13.5 wt.% Sn (76.4/14.4/9.2 at.%). Most experi-
mentalists today work with alloys very close to this mixture (Table 1) and consider
the melting point found in [12]. Figure 2 shows the melting points of the alloying
partners Ga, In, and Sn, the eutectic binary sub-alloys Galn, GaSn, and InSn, as well
as that of the ternary eutectic.

Recent literature reveals a 20 K gap between solidification and melting [13].
According to these studies, crystallisation occurs below -10 °C (263.15 K) and may
not be complete until -30 °C (243.15 K). In addition, the solidification and melting
processes may well depend on the heating or cooling rates. Furthermore, even small
impurities from elements like zinc may affect thermophysical properties, including
the melting point [14]. Due to these imponderables, the melting point and mixture
provided by Evans and Prince [12] are understood as the nominal parameters of the
near-eutectic Ga—In—Sn alloy. This strategy also allows the use of averaging over
the small discrepancies of the different alloy mixtures used for the experiments.

2.1 Experimental Density Data
Table 1 compiles the experimental data employed (Fig. 3). Only one study with

eight values provides data for the solid state [20]. The total number of investigations,
six, with a total of 78 values, is significantly larger. Unfortunately, only for three
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Fig.2 Melting points of gallium, indium, and tin [21], the binary eutectic sub-alloys Galn, GaSn [22],
InSn [23], and the near-eutectic Ga—In—Sn alloy [12]. The red dot indicates the melting temperatures
found by Boisbaudran [10] for Galn alloys

data sets [15, 17, 19] is the experimental error provided. Moreover, the employed
measurement techniques to obtain the data differ. Two studies use pycnometers [15,
19] and one uses a buoyancy method [16]. One attempt employs a modified sessile
drop method [17], while another uses a commercial pushrod dilatometer [18].

Migai et al. [16] and Plevachuk et al. [17] are the only references that provide
explicit correlations for the liquid density of the near-eutectic Ga—In—Sn alloy. Both
equations show a linear dependence on temperature. The Plevachuk correlation
additionally refers to the melting temperature of the alloy. The value T,,=of 283.7 K
is very close to the value of Evans and Prince [12].
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Fig. 3 Experimental density data of near-eutectic Ga—In—Sn alloy in comparison with the densities of
the alloying components. Symbols for near-eutectic Ga—In—Sn alloy as given in Table 1. Vertical broken
orange line identifies the melting point of near-eutectic Ga—In—Sn alloy. Symbols and curves are grey
for Gallium, green for indium, and blue for tin. Short vertical grey, green, and blue lines indicate fitting
regions of Ga, In, and Sn data, respectively
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3 Modelling Strategies

This study explores three strategies either to fit or to model the density of the solid
and liquid near-eutectic Ga—In—Sn alloy. First, the available experimental data are
approximated employing a weighted fitting approach. Second, the density is esti-
mated based on the atomic volumes of the alloying partners. Third, a prediction is
made of the alloy density based on the properties of the constituent elements and the
enthalpy of mixing of the system.

While the first and the second approaches hypothesise that the alloy does not have
an excess due to the mixing of dissimilar atoms, the third method attempts to include
such an effect. None of the strategies consider a pressure dependency. Comparison
of the results with experimental data validates the different modelling strategies. For
all predictions, MATHEMATICA 13.3 is used.

3.1 Weighted Fitting Approach

Because the experimental errors of the data for the liquid alloy differ by almost three
orders of magnitude (e.g. 0.06% [19] to 1.50% [17]), an error weighted fitting strat-
egy is employed. Inspired by Plevachuk et al. [17], polynomials are used for the
correlations.

n
i
PritEGamsn(T) = Z Pi(T = T EGatnsn) )]
i=0

3.1.1 Solid Alloy

For the solid state, the fitting does not use a weighting. The reason is simply that
the only available data set [20] does not provide such information. Eight data points
ranging from 223.15 to 283.15 K (-50 to 10 °C) are used. The fitting function for the
solid state with n=2 is:

kg kgl
Psol fit,EGatnsn (1) = 6304305 +4.29 % 10 BK (T - Tm,EGaInSn)
kg 1 2, @
+1.85% 10 EE(T_T‘“’EG““S“) R =1

Were T, gGamsn denotes the nominal melting point of the near-eutectic
Ga—In—Sn alloy at 283.85 K (10.7 °C). All experimental data lay in an error band
of £0.25% (Fig. 4). The standard errors of the parameters of Eq. 2 are+0.28 kg/
m?, +2.42%107 kg/(m* K) and + 3.90%107* kg/(m> K?).

3.1.2 Liquid Alloy

For the fitting, the three data sets with known experimental error are selected [15,
17, 19]. The reciprocal of the squares of the experimental errors serve as weights.
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Fig.4 Quadratic fit of solid density Eq. 2 and weighted linear fit of liquid density data Eq. 3. Broken
curves show intervals that cover all data

The fit considers altogether 36 data points ranging from 283.7 to 673.0 K (10.7 to
400.0 °C).

For n=1 the correlation reads:
kg 1

k
P s (T) = 6HT.02—5 + 063205 = (T = T,y ) R* = 0.9999
3)

All experimental data including those that are not used for the fitting [16, 18]
lay in an error band of +2% (Fig. 4). When considering only the more recent
data [18-20], the error band reduces to+ 1% (Fig. 5). The standard errors of the
parameters of Eq. 3 are +3.87 kg/m® and + 0.06 kg/(m> K).

The equivalent parameters of the Plevachuk-correlation [17] are 6360.0 kg/m?
for the density at the melting point and 0.7760 kg /(m? K) for the density temper-
ature coefficient. With less than 1% difference, the constant is in excellent agree-
ment with Eq. 3. Similarly, the difference between the constant given by Migai
et al. [16] Eq. 2 is less than 1.2%. However, the density temperature coefficient
of the Plevachuk-correlation is about 22% higher. In other words, this regression
line has a steeper slope.

Increasing n to 2 or 3 does not improve the fit. The R? values are identical to that
of Eq. 3. The standard errors for the first two parameters of these polynomials are
with +4.37 kg/m?/ +3.94 kg/m? and +0.10 kg /(m? K) /+0.06 kg /(m® K), respectively,
comparable.

3.2 Modelling Based on the Atomic Volumes of the Alloying Elements Strategies

The first modelling estimation is based on the linear combination of the atomic vol-
umes V; of the pure constituent elements weighted with their molar fractions X; [24, 25]
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Vegamsn (1) = X6a Voo (1) + Xp, Vi (T) + X, Vo (T) )
and for the density
pecamsn(D)  PcaT)  pi(T)  psy(T)

n n

(&)

In the following, correlations for the solid and liquid densities of the alloying part-
ners’ gallium, indium, and tin are presented, focussing on the temperature range of the
available experimental data of the near-eutectic Ga—In—Sn alloy. These functions utilise
recommended and experimental data as well as data resulting from molecular dynam-
ics simulations.

3.2.1 Solid Alloy

Equation (5) applies readily to the solid phase since the pure constituents are all solid
below the melting point of the alloy. For this, the densities of solid gallium, indium, and
tin must be available.

To the best of the author’s knowledge, almost no density data are published for gal-
lium below its melting point of 302.91 K (29.76 °C). Therefore, the value of 5.910 kg/
m® given in the CRC Handbook [21] for 298.15 K (25 °C) is assumed for the entire
temperature range considered.

The density correlation for solid indium results from a linear fit of the data by Wil-
liams and Miller [26] and from the experimental data point by Wang et al. [27] for
423.15 K (150 °C). Therewith altogether five data points in the range from 298.15 to
423.15 K (25 to 150 °C) are considered. The correlation reads:

kg kg 1 2
Psolsien(T) = 7211. 1— -0. 6984—E(T Tmln) R =1 (6)

The standard errors of the parameters are+2.26 kg/m* and+0.03 kg/(m® K). The
melting point of indium 7}, 1, is 429.75 K (156.60 °C).

Stankus and Khairulin [28] provide a correlation for the density of solid tin:

kg kg 1
Positsn(T) = 7289.8E - 0.4853—K (T - Thsn)

— 2.41866 x 10~ gll((T Tosn) @
293K < T < T 60

Here, T}, s, denotes the melting point of tin with 505.08 K (231.93 °C).

Employing the mass concentrations proposed by Evans & Prince [12] for the
solid near-eutectic Ga—In—Sn alloy, Eq. 5 yields a circumstantial correlation for
Psol.EGainsn(T) consisting of a fraction whose numerator and denominator each
consist of a fourth order polynomial. For simplification, a first-order series expan-
sion of the above equation is performed. The resulting correlation reads:
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psol,EGaInSn(T) = 6305.83 — 01490<T - Tm,EGaInSn) (8)

The difference between Eq. 8 and the correlation following straight from (5)
is less than 0.004% throughout the range of interest (223.15 to 283.15 K). Fig-
ure 5 shows that the experimental data [20] are covered within an error band
of < +£0.25%. Moreover, the fitting function (1) and Eq. 8 show nearly identical
results, indicating the applicability of the atomic volume-based strategy for the
solid alloy.

3.2.2 Liquid Alloy

The melting points of gallium, indium, and tin are significantly higher than the nom-
inal melting point of the near-eutectic Ga—In—Sn alloy at 283.85 K. Consequently,
Eq. 5 delivers a reliable result for only above the melting point of tin. However,
extrapolating the determined correlation to close the remaining temperature interval
is possible, but its validity must be proven employing experimental data.

The density correlation of liquid gallium is based on the data recommended
by Assael et al. [29] and the experimental data provided by Kezik et al. [30]
and Ayrinhac et al. [31]. Altogether 30 data points in the range from 313.15 to
673.15 K (40 to 400 °C) are considered. The resulting correlation reads:

) R>=09999 (9

pri i aa(T) = 6082 84k—g -0 6555k—gi(T -T
lig,fit,Ga . m3 . II13 K m,Ga
The standard errors of the parameters are + 1.44 kg/m> and +0.0082 kg/(m> K).

The fit of the density of liquid indium is based on the data recommended by
Assael et al. [29] and the experimental data provided by Williams and Miller [26]
and Wang et al. [27]. Additionally, results from the molecular dynamic simula-
tion by Belashchenko [32] are employed. A total of 23 values in the range from
400.00 to 673.15 K (159.85 to 400.00 °C) are considered. The correlation reads:

kg kgl(

pliq,fit,ln(T) = 7030.03E - 0.7872$E T - T

mm) RP=0.9999  (10)
The standard errors of the parameters are +2.30 kg/m® and +0.0176 kg/(m? K).
The fit of the density of liquid tin is based on the data recommended by Assael

et al. [33] and the experimental data provided by Stankus & Khairulin [28]. Eight

data points in the range from 505.08 to 700.00 K (231.91 to 426.85 °C) are con-
sidered. The correlation reads:

kg 1

kg 2
Piigfit,sn(1) = 6980.545 - 0.68815E(T - Tm,Sn) R =1 (11)

The standard errors of the parameters are +2.75 kg/m® and +0.0228 kg/(m> K).

Equations (8-10) are in excellent agreement with the density correlations for lig-
uid gallium and indium [29, 33].
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Again, the composite proposed by Evans & Prince [12] for the near-eutectic
Ga—In—Sn alloy is employed to derive the density correlation:

. (T) = 6403 22k—g —06827§1(T—T ) (12)
PliqEGalnSn i : K m,EGalnSn

Figure 5 shows the extrapolation of Eq. 12 toward T}, g.ms, in relation to experi-
mental data and to the results of the weighted fit Eq. 3. Up to 373.15 K (100°C), the
difference between both equations is about 0.3%, which is mainly caused by a 0.22%
lower constant of (12).

Gallium’s density increase from the solid to the liquid state is clearly visible in
Fig. 5. The near-eutectic Ga—In—Sn alloy shows a similar effect. For gallium, this
density jump amounts to approximately 3%. Employing the only data set crossing
the melting point [20], the experimental density jump of the near-eutectic Ga—In—Sn
alloy is about 2.16%.

The value for the density jump obtained from the fitting functions (1) and (3)
exactly at T, gGamsn 18 1.80%, and from the estimations based on atomic volumes
Eqgs. 8, 12 1.54%. It seems plausible that for the alloy the effect is mainly caused by
its high gallium content. However, it is of course smaller than for pure gallium.

Figure 6 represents Eq. 12 in the entire range of the available data for the liquid
alloy. The difference to the fitting function (3) grows with increasing temperature
and reaches about—0.55% at T=673.15 K. The reason for this is mainly the steeper
slope of Eq. 12. Nevertheless, Eq. 12 always falls within the + 1% error band of the
fitting function (3). Furthermore, all experimental data except the four lowest tem-
perature values of [15] are within the +2% error range. This again underpins the

tin °C
_80 0 80
6.6x10% [+ i
: Lt 1.00 %
mE :
£
(o]
£
< : T ----------------- f :
§ 6.2x10° [+ — :
s ; - ?
& , : :
@ : B
2 :
-
5.8x10°
200 280 360
Tin K

Fig.5 Modelling of solid and liquid density based on atomic volumes of the alloying elements. Full
black line indicates linear fit Eq. 3 +1%. Blue line (left to melting temperature) indicates modelling of
solid alloy according to Eq. 8 +£0.25%. Blue broken line (right to melting temperature) indicates extrapo-
lation of Eq. 12 for the liquid alloy
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Fig.6 Modelling of liquid density of near eutectic Ga-In—Sn alloy based on the atomic volumes of the
alloying elements. Full black line indicates linear fit Eq. 3 +1%. Blue line indicates modelling Eq. 12

applicability of the atomic volume-based strategy for predicting the density of the
near-eutectic Ga—In—Sn alloy.

3.3 Modelling Including Excess
3.3.1 Model Approach

Caused by the inequality of the alloying metal atoms, a change in atomic bonding
and structuring may accompany the formation of alloys. This atomic disparity leads
to modifications in the interatomic distance and thus to differences in the atomic
packing density [34]. Therefore, the real, experimentally confirmed densities often
differ from the correlations resulting from Eqs. 4-5. This deviation is the tempera-
ture dependent excess volume AVES o (T).

Predel and Emam [35] already point out that probably all three, the excess den-
sity, the excess enthalpy, and the excess entropy, are correlated. In a more recent
study, Liu et al. [34] relate the molar volume Vggso(7) and the enthalpy of
mixing AHLS, o (T). Their main argument — although there exists no direct link
between these two properties — is that both properties depend on the temperature.

VEGaInSn (T) = VEGaInSn (T) * Exp [AEGalnSn (T) * AHSgaInsn (T)] ( 1 3)

The coefficient Agg,,sn(7) is the molar mean of the ratios of the thermal expan-
sion coefficients f,(T) at constant pressure and the isobaric heat capacities c,,;(T) of
the near-eutectic Ga—In—Sn alloy’s constituents

AEGaInSn(T) = XGa_ﬂ& + XIn ﬁ + XSnﬁ

14
p,Ga Cp,In ( )

Cp,sn
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The enthalpy of mixing AHZS follows from the Gibbs excess energy accord-

X EGalnSn
ing to
dAGexC
exc _ exc EGalnSn
AHEGaInSn - AGEGaInSn =T a7 - (15)

Gibbs excess energy of the near-eutectic Ga—In—Sn alloy is the sum of the contri-
butions )] AGT¥  of the binary sub-alloys Galn, GaSn, and InSn and a ternary

binary
component AGfgfnaIy that represents the interaction of the atoms of the alloying
constituents.
€XC —_ €XC €XC
AGEGaInSn - 2 AGbinary + Z AGternary (163)
€XC —_ €XC €XC €XC
Z AGbinary - AGGaIn + AGGaLSn + AGInSn (16b)

— 0 1 2
Z AGte:rcnary - XGaXInXSn [XG&LGaInSn + XIHLGaInSn + XSHLGaInSn] (]6C)

where L"GalnSn denote the interaction parameters of the ternary system.
Series expansions with the corresponding Redlich—Kister coefficients Ly (T)

represent the excess energies of the three binary sub-alloys.
2 .
AGY = X, Xy ) Liy(T)(Xx—Xy)' with XY ... Galn, GaSnandInSn ~ (17)
i=0

To the best of the author’s knowledge, the interaction parameters needed to solve
Eq. 16¢ are not available in the open literature. Consequently, Eq. 16c is bolstered
subsidised by a geometrical model for ternary alloys [36]. The general idea of geo-
metrical models is to predict the density of the ternary near-eutectic Ga—In—Sn alloy
based on its binary sub-alloys. The approach is

Xx X

ternary

Xxxv)Xyxy) 1%
where AGTY denotes the excess densities of the binary sub-alloys. The weighting
functions wyy are predicted from the molar fractions Xyx and Xy of the ternary near-
eutectic Ga-In—Sn alloy and the molar fractions Xyy, and Xyy, of the constitu-
ents X and Y of the binary alloy XY. Here X, Y, and Z stand for Ga, In, and Sn,
respectively.

Unfortunately, this strategy is not applicable to the density of the solid state of
the investigated alloy. The reason for this is that neither sufficient information for the
thermal expansion coefficients nor for the heat capacity are available for the binary
sub-alloys.
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3.3.2 Thermal Expansion Coefficient and Isobaric Heat Capacity of Alloying Partners

To follow the approach outlined above, the thermal expansion coefficients and the
heat capacities of the alloy constituents must be available. The first thermophysical
properties result directly from the density correlations for gallium, indium, and tin

(9—11) according to
1(0
A(T) = —;(ﬁ) (19)
p

with

Braca(T) = (9582.7 = )", By 1n(T) = (9359.6 — 1), (20)

Biig.sn(T) = (10649.5 — 7)"!

The NIST Chemistry WebBOOK, SRD 69 [37] provides a correlation for gal-
lium’s liquid phase heat capacity (Shomate equation), which is as follows:

CpiiqaalT) = 14.3425(24.6214 + 2861# +2.7014 % 1073T

(21)
—1.2721 % 107°7?% + 1.9652 * 1071973

A fit of the data provided by the Indium Cooperation [38] delivers the heat capac-
ity correlation for liquid indium

Cpliqun(T) = 264.5700 — 2.1829 % 107°T + 9.6512 % 107°7* (22)

Finally, for liquid tin we use the heat capacity correlation mentioned by Sharafat
and Ghoniem [39].

Cpliqsn(T) = 351.6334 —3.227 % 107' T +2.2925 * 10772 (23)

3.3.3 Density of Binary Sub-alloys

Tables 2 and 3 compile characteristic parameters and the interaction parameters
L;Y(T) for the liquid phase of the binary sub-alloys Galn, GaSn, and InSn. In all
cases, these parameters are equal to zero for i> 1. Based on the interaction parame-
ters employing Eqs. 4, 13—17, the temperature- and concentration-dependent density
and density excess functions are predicted. Experimental data (Table 2) serve for the
validation of the obtained correlations. Table 3 compiles the interaction parameters
and enthalpy of mixing correlations for the liquid phase of the binary sub-alloys.
Table 4 gathers the maximal excess and the density excess of the eutectic binary
sub-alloys.

Employing two independent sets of interaction coefficients [49, 50] and an
enthalpy of mixing correlation [51], the density excess of liquid Galn is described.
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Table2 Characteristics and experimental databases of the binary sub-alloys Galn, GaSn, and InSn

Binary sub-alloy Binary sub-alloy Experimental data
_ _ references and symbols
Eutectic composite Teu,m

Galn Ga 78.6/In 21.4 wt%? 288.85 Kb 323 K: *¢°, xd, *xe
85.1/121.4 at.% (15.56 °C) 573 K: =°, m°, nf

GaSn Ga 86.3/In 13.7 wt% 2@ 293.63 K 573 K: of, m9, m"
91.5/8.8 at. % (20.48 °C)

InSn In 49.1/Sn 50.9 wt%? 390.15 Ki 523 K: =, o, o
49.9/50.1 at.% (117.00 °C) fitting function f (T, Xin)™

Italics indicate predicted values. All other values are taken directly from the original publications
“Evans and Prince [12]
°Burdakin et al. [22]

“Yu et al. [40]

dXu et al. [41]
®Prokhorenko et al. [42]
fPredel and Emam [43]
£Gancarz [44]

hKattner [45]

IStankus et al. [46]

i0rret al. [23]

KPstrus [47]

"Moser et al. [48]
MBerthou and Tougas [49]

Table 3 Interaction parameters and enthalpy of mixing correlations for the liquid phase of the binary
sub-alloys

Binary L?(Y, L}, and AHZS Colours
alloy and refer-
ences
Galn 4573.532 - 36315 [50]
4450+1.19185 (T/K) 0.25943 (T/K) [51]
AHZS = (3311.22 +914.62X5,) Xg, (1 — X6, —[52]
GaSn 3636.31 —394.31 [53]
3369.7 +0.03854 (T/K) 528.9 — 0.1145 (T/K) [54]
AHES = (893 + 124X, ) X, (1 - X5, ) —[53]
InSn — 828.54+0.76018 (T/K) — 0.1211767 (T/K) - 115.59 to 1.39997 (T/K) [56]
In[(T/K)]
— 711 — 1.6934 (T/K) — 64 to 1.3592 (T/K) [57]
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Table 4 Density excess of binary sub-alloys

Binary sub-alloy Predicted mean density excess of Predicted concentration and value of maxi-
the eutectic binary sub-alloys mal density excess of the binary sub-alloys
Galn 323 K: — 0.28+0.02% Xinmax=49.3£0.02 at.% (— 0.41£0.04%)
573 K: — 0.30+0.02% Xinmax =48.8+£0.02 at.% (— 0.44 +0.05%)
GaSn 573 K: - 0.17+0.01% Xsnmax =47.3+0.03 at.% (= 0.34 +0.01%)
InSn 573 K:+0.07+0.00% Xsnmax=45.6£0.01 at.% (+0.07 +£0.00%)

The three excess curves are very close to one another and the comparison with
experimental data for 323 K [40-42] and 573 K [40, 42, 43] shows reasonable
agreement (Fig. 7a, b).

For the prediction of the density excess of the second binary sub-alloy — GaSn
— again two independent sets of interaction parameters [53, 54] and additionally one
enthalpy of mixing correlation [55] are utilised. Experimental data are available at
573 K [43—46]. Figure 7c, d) indicate the good agreement between these data and
the predicted density excess.

The two sets of interaction parameters [56, 57] used for density prediction of InSn
give comparatively low excess values with respect to Galn and GaSn. The results are
again almost identical (Fig. 7e, f). However, neither the sign nor the absolute values
match satisfactorily with the experimental data [47-49]. The reason for this could be
either that the experimental data is faulty or that the temperature range for which the
interaction parameters apply does not match the temperature of this data. Neverthe-
less, because the atomic geometry of indium and tin as neighbours in the periodic
table of elements should be very similar, the excess density, if any, is rather small.
Therefore, the further prediction uses the correlations following from [56, 57].

3.3.4 Density of Near-Eutectic Ga-In-Sn Alloy Considering a Possible Excess

Following the approach described above delivers a complex exponential correc-
tion function for Eq. 13 (second term, right-hand side). A series expansion of the
correction function simplifies the prediction so that the density correlation con-
sidering a possible excess reads

kg 1

kg
p;gCEGalnSn(T) = [6403 2= 06827—K(T T EG&IHSH)]

ke 1 (24)
[0 9959 — 3.69 * 10—6m (1T, EGamSn)]

The first factor is identical with Eq. 12 and the second is the correction func-
tion. The difference between the complete correlation following from (13) and
Eq. 24 falls between+0.06% at T, zGamms, and—0.02% at 673 K, the highest tem-
perature considered in this study. The correction function is smaller than unity
over the entire temperature interval considered.
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Fig.7 Density and density excess of binary sub-alloys. Dots at 0 and 1.0 show values for the pure alloy-
ing elements (grey Ga, green In and blue Sn). Experimental reference data as given in Table 2. Blue
curves (left column) show density without excess. Coloured curves represent modelled densities with
excess (left column) and density excesses. Colours according to Table 3

Figure 8 represents the modelling of the liquid density of near-eutectic
Ga-In-Sn alloy considering an excess in relation to selected data sets [17-20].
The excess model delivers densities smaller than Eq. 12, which seems plausible.
The difference is about—0.41% at T, zGamsn and about—0.48% at 673 K. These
numbers are similar to the values of the maximal density excess of the binary
sub-alloys Galn and GaSn (Table 4). Based on this finding, one may hypothesise
that the predicted excess is mainly due to the dissimilarity of the Ga atoms, on
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Fig. 8 Modelling of liquid density of near-eutectic Ga—In—Sn alloy considering a possible excess. Sym-
bols according to Table 1. Full black line identifies fitting function (3)+1%. Green curve indicates mod-
elling according to Eq. 24

the one side, and the In and Sn atoms, on the other. The results of Eq. 24 are at
the lower one percent border of the fitting function (9). Interestingly, they are in
reasonable agreement with the data by Plevachuk et al. [17].

3.4 Thermal Expansion Coefficient and Possible Liquid-to-Liquid Crossover

The study discusses, based on the experimental data and the modelling approaches,
the thermal expansion coefficient and a possible liquid-to-liquid crossover proposed
by Wang et al. [18].

Figure 9 shows the thermal expansion coefficient derived from three experimen-
tal data sets [18-20]. The inevitable density gradients are predicted as linear differ-
ence quotients of two consecutive experimental data points without any curve fit-
ting. Additionally, Fig. 9 shows the § (T) correlation given by Plevachuk et al. [17]
and the correlations following from Egs. 2 and 8 for the solid and from Egs. 3, 12
and 24 for the liquid alloy. Data sets not shown scatter significantly due to numerical
differentiation.

The expansion coefficient resulting from the fit of the solid-state data (2) is in
excellent agreement with the experimental data. The estimate based on atomic vol-
umes of the alloying elements Eq. 8, however, matches only in the mean. The mathe-
matical reason is the nearly zero curvature of this function. The physical background
might be the lack of an appropriate correlation for the density of solid gallium.

The correlation of the thermal expansion coefficient following from Plevachuk’s
density function [17] is in good agreement with the majority of the experimental
data in a temperature range between T}, pams, and 500 K. As any other model, it has
a weak positive slope. The atomic volume correlation (12) and the correlation con-
sidering a possible excess (24) are very close together and match reasonably with
the Wang data [18], especially in the higher temperature range.
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Fig.9 Thermal expansion coefficient based on experimental data and on modelling approaches. Black
for Egs. 2, 3, blue for Eqgs. 8, 12, green for Eq. 24, and purple for Plevachuk et al. [17]

The existence of liquid-to-liquid crossover regions is controversially discussed
[58]. One possible cause of such a crossover could be a liquid-to-liquid phase transi-
tion, which is accompanied by a density change. Experimental and numerical results
on this phenomenon are rare. None of the above models consider such a transition.
Furthermore, only one experimental data set shows rudiments of such a behaviour
[20].

Figure 10 represents an enlargement of Fig. 9. The distribution of the thermal
expansion has three distinct regions. Between the melting point and about 350 K,
the values fall monotonically. From 350 to 415 K, a first plateau appears with a
p-value of about 12.5x 10 K~!. A second plateau appears at about 450 K with a

tin °C
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Fig. 10 Thermal expansion coefficient based on experimental data [20] (enlargement of Fig. 9). Verti-
cal broken lines identify melting temperatures of near-eutectic Ga—In—Sn alloy (orange) and indium
(green). Borders of the liquid-to-liquid crossover (vertical light blue lines), local minimum of density
gradient (bold vertical blue line), and local maximum of heat capacity (bold vertical broken blue line) as
described by Wang et al. [18]
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slightly smaller f-value of 12.0x 1075 K~!. The change between the first and the
second plateau marks an inflection point at 430 K. This value coincides reasona-
bly with the minimum of the density derivative of the experimental data by Wang
et al. [18]. Surprisingly, this value is in close agreement with indium’s melting point
T, 1n=429.7485 +£0.00034 K [59].

3.5 Recommended Values

Due to the small number of experimental data available for the solid state and the
limited applicability of the estimate based on the atomic volumes of the alloying ele-
ments, it is recommended to use Eq. 2 as the best model currently available for solid
near-eutectic Ga—In—Sn alloy. This correlation holds between 223.15 and 283.15 K
(-50 to 10 °C).

The amount of data for the liquid state is significantly larger. All data fit into an
error band of +2%. A linear fitting correlation Eq. 3 describes, with the exception
of two data sets, all values within an error band of + 1%. The estimate based on the
atomic volumes is in close agreement with this linear fitting correlation. The sec-
ond model considering an excess shows a resulting correlation with values about
1% below the fitting correlation. Based on these findings, the fitting correlation still
seems to be the best choice for the liquid state of near-eutectic Ga—In—Sn alloy in the
temperature interval T, pg.n.s, < T <680 K (400 °C).

4 Conclusion

Three approaches to describe the density of the solid and the liquid state of near-
eutectic gallium-indium-tin alloy are analysed. While the first approach approxi-
mates the experimental data using polynomials, the second method utilises the lin-
ear combination of the atomic volumes of the pure constituents, weighted by their
molar fractions, to model the density. The third approach, a correction function con-
sidering a possible excess, is also developed.

The study concludes that, given the recent availability of experimental date and
their accuracy, the fitting polynomials are the most reliable models. The difficulties
related to the modelling of density and density excess are manifold. Among them
is the lack of high accuracy thermophysical properties for the alloying partners. In
view of the potential importance of heat transfer based on liquid metals, this gives
rise to new research tasks. Including the need for more data on the solid state of
near-eutectic Ga—In—Sn alloy. To answer the questions about whether a density
excess and liquid-to-liquid crossovers exist, highly accurate high temperature data
are urgently needed.
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