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Abstract

Fusible alloys, in particular gallium-based alloys liquid below room temperature (Ga-LMA), have applications in soft robot-
ics, microelectronics, self-healing battery components, and 2D materials synthesis, making the study of their thermodynamic
properties critical for the improvement and development of hybrid materials. To determine the enthalpies of formation/mixing
of the eutectics for the binary Ga-In, the ternary Ga—In—Sn, and the quaternary Ga—-In—Sn—Zn systems, a novel experimen-
tal calorimetric technique based on oxidative solution calorimetry was developed. The experimental results for the binary
eutectic are consistent with previous data obtained by direct reaction and solution calorimetry, demonstrating the viability
and precision of the experimental technique presented, which can now be extended to a large variety of liquid alloy systems
at or below room temperature. To our knowledge, the heats of mixing in the ternary and quaternary systems represent the
first reported experimental values. Both standard geometrical models and FactSage were used to calculate the enthalpies of
mixing for these alloys, which agreed with the experimental data, providing a foundation to analyze the thermodynamics of
other unknown Ga-based alloys.

Keywords Gallium alloys - Alloys liquid below room temperature - Experimental thermodynamics - Oxidative solution
calorimetry - Enthalpy models

Introduction These alloys also have high volumetric enthalpy of fusion
and thermal conductivity in addition to much faster heat
absorption/dissipation rates in comparation with other phase

change materials (PCMs) [7-9]. Potentially widening the

Gallium-based liquid metal alloys (Ga-LMA) are integral to
soft robotics, microelectronics, self-healing battery compo-

nents, and 2D materials synthesis [1-4]. They have useful
properties such as low toxicity and low vapor pressure rela-
tive to mercury (Hg), and exhibit good material stability/
compatibility [5] with potentially tunable room tempera-
ture phase transitions and intermetallics formation [1, 2, 6].
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application of these alloys into microprocessor technology,
provided that the natural corrosion and supercooling effects
are mitigated or harnessed effectively [10]. This broad appli-
cability justifies the current interest for Ga-LMA and the
steady increase of available experimental data [11]. None-
theless, there are still many systems and material properties
for Ga and its eutectics with indium (In), and tin (Sn) that
have not been fully explored. These include detailed corro-
sion/oxidation mechanisms when the Ga present in these
alloys dissolves or comes in contact with other metal/met-
alloid substrates [10, 12], a major interest for cooling and
additive manufacturing of electronics [13]. Other areas that
lack experimental information include Ga-LMA with added
solid particles (which can be pure metals, oxides, and inter-
metallics) when synthesized or exposed to extreme pressures
and temperatures. Most studies focus on functional com-
posites produced at more reasonable manufacturing condi-
tions [14-16]. The current data also extends to heat capacity
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measurements and structural evolution studies of Ga, Ga—In,
and Ga-In—Sn systems at a narrow set of experimental
parameters [17-19]. High temperature thermodynamic stud-
ies in comparison include many binary, ternary, and more
complex Ga alloys [20-23]. Of these, only a small subset
focused on the thermodynamics of solid alloys of Ga, In,
and Sn using various thermal analysis techniques [24-26].

Direct reaction calorimetry is an in-situ process in which
metallic powders are mixed in an inert atmosphere with
the appropriate stochiometric ratios, pressed together, and
dropped into a calorimeter at a temperature where they react
to form alloys and compounds. The success of this meth-
odology depends on the rapid and complete reaction of the
powders without the formation of unwanted oxidation and/or
side products. This technique has produced substantial data
over the years [27, 28] and has been in use at several labs
around the world [29-34]. However, the technique has not
always been successful at producing reliable data, especially
for some multicomponent alloys, due to the alloying char-
acteristics (at the reaction temperature and upon cooling)
of each of the components in the amalgam and how these
affect the structural/compositional complexity of the sam-
ple mixture, making it more difficult to characterize through
calorimetry [35].

Solution calorimetry in molten Sn at moderate tempera-
tures (<500 °C) [36] and in other alloys at higher tempera-
tures (Ga, In, Al, etc.) [37, 38] has been effective for some
systems, but, similarly to direct reaction calorimetry, it lacks
general applicability due to its dependence on rapid compo-
nent dissolution in the metallic solvent, restricted by the high
melting points of metals, limited solubility of constituents
in the metallic solvent, and again the increasing complexity
of the final alloy/solvent solution as components increase.
Furthermore, many alloys have oxygen (O,) sensitivity that
cannot always be avoided at a wide range of temperatures,
requiring rigorous O, control and careful sample handling.
[36-38]

Consequently, a calorimetric method was developed and
applied to a broader variety of alloys and compositions while
eliminating the need for O, control over the sample at high
temperature for long periods of time. This has led us to apply
oxidative solution calorimetry in a molten oxide solvent,
a technique that has been effective at enthalpy determina-
tions for multicomponent alloys as well as chalcogenides
by employing oxidizing conditions [39—41]. This technique
is based on “drop solution” calorimetry, a process in which
a sample is dropped from room temperature into a molten
oxide solvent at 700—800 °C, causing rapid sample oxida-
tion and dissolution upon contact with solvent. This process
yields completely dissolved samples that can be represented
through Hess’s law as oxides in solution in the salt solvent
and, when appropriate, evolved gaseous species [42]. This
technique employs low concentrations of the dissolved
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products approaching infinite dilution in the molten oxide
solvent, making the heats of solution obtained independ-
ent of the concentrations of dissolved species present, with
minimal interaction effects of the dissolved cations in the
melt, and no precipitation of interoxidic compounds during
experiments [43]. Gas flow over and through the solvent
enables atmosphere control, efficient transport of gas out
of the calorimeter, and provides stirring for the melt. This
procedure has been used extensively to determine enthalpies
of formation and mixing in various multicomponent oxide
systems [44, 45] as well as in some sulfides, selenides, and
alloys [35, 46, 47]. This technique can be considered general
as long as the final calorimetric products are fully dissolved
in the molten salt solvent and have reproducible final states
that can be represented accurately in thermodynamic cycles
[43]. In our lab, to measure full dissolution and oxidation
of metallic samples, a visual test prior to calorimetry via
melting of the oxide solvent in a clear quartz crucible and
subsequent drops of samples from room temperature into
this open crucible containing solvent are made [48].
Oxidative solution calorimetry eliminates most of the
constraints mentioned above for both the direct reaction and
solution methods. Nevertheless, in its present form it can-
not readily analyze alloys that are molten below or at room
temperature, due to small glassware geometry and no direct
liquid sample transport method to the reaction crucible. The
goal of the present study is to modify this technique to be
applicable to alloys molten at or below room temperature
among other liquid materials stable at higher temperature.
Experimental data for enthalpies of formation and mix-
ing for binary and ternary metallic systems form the input
and underpinning for the determination of higher order alloy
phase diagrams via the CALPHAD method. In this computa-
tional thermochemistry framework, optimized binary excess
interactions for a given solution are interpolated using geo-
metrical models into higher order systems. The main chal-
lenges when describing the energetic behavior of solid and
liquid solutions are (1) how to account for nonideality in
the configurational entropy of mixing contribution (includ-
ing the potential presence of short/long range ordering) and
(2) how to interpolate binary excess parameters into higher-
order systems, especially near room temperature [49].
Geometrical models which are required to evalu-
ate the enthalpy contribution of binary sub-systems into
higher-order solutions are split into two types, symmetric
which include those of Kohler and Maggianu among oth-
ers [50-52] and asymmetric which include those of Toop,
Hillert [50], Ouyang [53], and Chou [54, 55]. It should be
noted however, there are no definitive rules to apply these
geometrical models to higher order systems, so they have
to be tested against available experimental data to discern
the optimal model to be used in a specific system(s) [56].
These have been employed for comparisons with existing
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ternary and quaternary experimental data, producing reason-
able agreements favoring asymmetric energetic estimations
[53-55, 57]. FactSage and other well stablished commercial
CALPHAD-type calculation programs [58—61], allow the
interchangeable use of these geometrical models to describe
the energetics of multicomponent solutions. Such thermo-
dynamic packages could work most effectively for complex
Ga-based liquid alloys by providing user-friendly inter-
faces, extensive databases of optimized enthalpy of mixing
for many of their binary alloy solutions and compounds to
produce reasonably accurate thermodynamic properties for
multicomponent systems. Integration of new experimental
data along with further updates to the computation formal-
ism is also possible to improve the energetic estimations,
again, these predictions should be thoroughly tested against
further experimental data [56, 62].

First principles calculation tools are also nowadays avail-
able to explore the energetics of multicomponent condensed
phases. They can calculate the thermodynamic properties
for alloy systems as well as phase diagrams using the Alloy
Theoretic Automated Toolkit (ATAT) [63], but this software
is better equipped to handle structurally simpler alloys not
liquid at or below room temperature. It requires assumptions
regarding the entropy of mixing contributions in solutions,
which cannot be directly accessed via such simulations.
Moreover, the required precision to accurately predict phase
transition temperatures (such as solidus and liquidus) solely
on DFT simulations is not yet achievable [63, 64].

The purpose of the present communication is to provide
a detailed description of the newly developed liquid metal
solution calorimetry technique and its application to deter-
mine enthalpies of dissolution/mixing for the well-known
eutectics of the binary Ga—In, the ternary Ga—In-Sn, and
the quaternary Ga—In—Sn—Zn alloy systems [65]. The experi-
mental enthalpy data are compared to energetic analogs cal-
culated by different computational techniques. The general
application of FactSage and the most common geometric
models in comparison with the experimental data is also
highlighted.

Fig. 1 i A photo of the AlexSYS
calorimeter. ii An assembly
scheme of the AlexSYS calo-
rimeter: (a) Inconel block, (b)
thermopile, (c) dropping tube,
(d) protection tube, () bubbling
tube, (f) silica liner, (g) silica
inner crucible, (h) silica outer
crucible, (i) silica wool, and (j)
molten salt solvent (20 g per
crucible) [39]

Experimental methods
Liquid metal solution calorimetry

The calorimetric experiments were carried out in a Tian-
Calvet twin calorimeter (AlexSYS, Setaram, Caluire,
France) at 800 °C, illustrated in Fig. 1.

For the glassware arrangement, instead of the stand-
ard off-center dropping and bubbling tube holes and
smaller dropping tube radius, a new design with centered
dropping and bubbling tube holes and a bigger radius
(0.35"=0.89 cm OD) was utilized and is pictured in
Fig. 2(i)(b). This was done to minimize sample losses and
contact with the glassware before reaching the solvent.
These tubes, however, were not completely effective at
minimizing the continued loss of liquid samples upon
contact with the dropping tube. So, sodium molybdate
solvent (3Na,0-4Mo0O;) was explored to maintain con-
sistent sample compositions and reduce the probabilities
of liquid drop mass deviations by eliminating sample wob-
bling down the tube, allowing travel straight down to the
calorimeter reaction chamber. A combination of sodium
molybdate pieces (> 1 mg, 1/8”=0.32 cm in length), 1:3
ratio of molybdenum oxide (MoOj;) to sodium molybdate
(Na,MoO,), were coated in the center with liquid metal
droplets (0.3-0.5 mg). Figure 2ii illustrates the sample
dimensions and the Ga-LMA placement on these vessel-
like pieces. Sodium molybdate pieces were used as the
transport medium for these experiments because of their
room temperature solid state, their ease of dissolution into
the experimental solvent, no change in solvent compo-
sition after continuous drop experiments, and their well
characterized and consistent heat effects [44]. To maintain
a stable reaction environment within the calorimeter, O,
gas was flushed over (~40 mL min~") and bubbled through
(~17 mL min~') the solvent. Bubbling was done using
silica glass tubes instead of the typical platinum-tipped
tubes to prevent any alloying reactions of the tube tips with
the Ga-LMA at high temperatures [66].

sample (ii)

Heater
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Fig.2 i (a) Original off-centered dropping tube (0.28”"=0.711 cm
OD) (b) new centered dropping tube (0.35"=0.89 cm OD). ii
Prepped liquid metal sample with its respective sodium molybdate

The calorimeter calibration was done by dropping 3—4 mg
of pressed benzoic acid pellets (Sigma Aldrich, >99.5%).
This calibrant best matches the experimental reaction con-
ditions, where the majority of the heat effect comes from
oxidation within the calorimeter rather than from heating the
sample when dropped [67]. The calibration factors were cal-
culated from the known enthalpy of combustion of benzoic
acid and the heat contents of CO, and H,O. This calibration
procedure is standard in our thermochemistry laboratory and
has been described previously [35].

Materials and characterization

For these experiments the initial constituent metals and
the Gaggs5Ing 145 (Galn) alloy were purchased from
Sigma Aldrich and had a purity of 99.999% metal basis.
The Galn eutectic was used without further treatment.
Gay 755100 14550 970 (GalnSn) and Gay 754101475100 06520 011
(GaInSnZn) were synthesized with semi-spherical Ga/In
specimens with diameters between 2 and 5 mm and the Sn/
Zn samples were cut from 0.5 mm wires. The alloy samples
were synthesized by melting the pure component metals in
a sealed silica ampoule at 430 °C for 1 h. The risk of con-
tamination by the oxygen was deemed insignificant. Since,
synthesis was performed under vacuum after multiple purge
cycles under Ar and under relatively low temperatures.

A semiquantitative analysis to measure homogeneity of
the synthesized alloys was performed using a Helios 5 UX
focused ion beam microscope (SEM-FIB) with energy dis-
persive analysis (EDX), operating at 15 kV and 1 nm reso-
lution with accelerating electron voltages between 0.2 and
30 kV. The analyzed compositions for each of these were in
reasonable agreement with the elemental mass fractions per
gram of sample synthesized (see Table 1).
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vessel-like pellet for sample transport to calorimeter reaction cham-
ber. For scale in inches a ruler is provided

Table 1 Elemental mass fractions per gram of sample synthesized
and mole fractions (X;) determined with energy dispersive analy-
sis (EDX) of GalnSn and GalnSnZn eutectics using a Helios 5 UX
focused ion beam microscope (SEM-FIB) for semiquantitative com-
position determinations

Metals Mases for X Mases for X;
GalnSn/g GalnSnZn/g

Ga 0.68 0.79 0.69 0.82

In 0.21 0.13 0.21 0.11

Sn 0.10 0.083 0.10 0.067

Zn N/A N/A 0.0089 0.011

These compositions were not used in subsequent thermodynamic
cycles. These data are only provided to prove sample homogeneity
and compositional estimations

Finally, to make the vessel-like pieces of sodium molyb-
date, 20-30 mg of the standard solvent (1:3 ratio of MoO;
to Na,MoO,) were melted at 700 °C for 5 min. These small
amounts were melted to produce a thin solid disk with mini-
mal thickness that was then broken to produce the small
vessel-like pieces used in the experiments.

Results and discussion
Measured enthalpies of mixing

The enthalpies of oxidative drop solution and mixing from
the metals are presented in Table 2. The average enthalpies
of mixing of the liquid phase for each Ga-LMA can be deter-
mined from the drop solution enthalpies of their constitu-
ent metals corrected for the liquid state. For reference, all
drop solution enthalpies reported previously along with the
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Table 2 Average enthalpies of drop solution (AH,,) obtained for the
room temperature liquid metal alloys dropped into sodium molybdate
(3Na,0-4Mo0;) at 800 °C, the experimental enthalpies of mixing for

the multicomponent alloys at 25 °C, and the literature value found in
Rugg et al. [24] for comparison

Composition AH,, /kJ mol™ A ixH/KI mol™!
Experimental Literature
Galn (Gay g35In 165) —503.72+0.32 (5) 0.75+2.73 0.76+0.19 [24]
GalnSn (Gag 74,11 145100 07) —508.28+0.18 (8) 0.75+5.62
GalnSnZn (Gay 754In¢; 4751 065210 11) -509.92+0.07 (8) 0.80+5.91

Experimental uncertainties are two standard deviations of the mean value and the numbers in parentheses are the number of samples dropped in
this study. Alloy compositions were determined using values calculated from mass measurements to obtain highest compositional accuracy pos-

sible

Table 3 Enthalpies of drop solution obtained by drop solution calo-
rimetry (AH,,) and enthalpies of fusion (AH;,) for each of the con-
stituent metals determined from melt enthalpies and heat content val-
ues in the literature, since Kopp’s law applies for the tested high order
systems

Metals AH,/kJ mol™! AHg,/kJ mol™!
Ga —501.40+ 1.44 (9) [39] 5.70 [69]

In —475.00+1.93 (8) [39] 7.10 [69]

Sn —553.07+£5.08 (8) [39] 13.00 [69]

Zn —342.460+1.85 (8) [68] 18.10 [69]

Experimental uncertainties are two standard deviations of the mean
value and the numbers in parentheses are the number of samples
dropped and recorded in the literature provided

enthalpies of fusion for all constituent metals are provided
in Table 3. These fusion values were calculated with litera-
ture melt enthalpies and heat content data, which effectively
assume Kopp’s law applies for the tested high order eutec-
tics [39, 68, 69]. The experimental enthalpies of mixing for
the multicomponent liquid alloys at 25 °C were determined
using the thermodynamic cycles found in Table 4.

For the Galn eutectic, the experimental enthalpy of mix-
ing shows excellent agreement with the literature value
(0.75+2.73 vs 0.76 +0.19 kJ mol~" in Rugg et al.[24]),
confirming the reliability and accuracy of liquid metal solu-
tion calorimetry. As mentioned above, there are no reported
experimental values for the heat of mixing for the eutectics

Table 4 Thermodynamic cycle for the enthalpies of mixing for Galn, GalnSn, and GalnSnZn eutectics from the drop solution of the metals

Gayg g5 Ing 145 (1, 25 °C )+0.750 O, (g, 800 °C )— 0.825 Ga,0; (soln, 800 °C ) +0.418 In,0,

(soln, 800 °C)

Ga (1,25 °C)+0.750 O, (g, 800 °C ) —0.500 Ga, 05 (soln, 800 °C )
In (1, 25 °C ) +0.750 O, (g, 800 °C ) — 0.500 In,O; (soln, 800 °C )
0.835 Ga (1, 25 °C )+0.165 In (1, 25 °C ) — Gag g35In ;45 (1, 25 °C)
AyH= — AHyq Ganay +(0.835 AHyg goqy +0.165 AHy 1))

Gay 75,10 145510 970 (1, 25 °C ) +0.768 O, (g, 800 °C ) —0.391 Ga,0,

(soln, 800 °C ) +0.074 In,0, (soln, 800 °C )+0.070 SnO, (soln, 800 °C )

Ga (1, 25 °C ) +0.750 O, (g, 800 °C ) —0.500 Ga,O, (soln, 800 °C )

0.835 In (1, 25 °C )+0.750 O, (g, 800 °C ) —0.500 In,O; (soln, 800 °C)

Sn (1, 25 °C )+ 0, (g, 800 °C ) — SnO, (soln, 800 °C )

AI—Ids Galn(l)

AI—Ids Ga() = AHds Ga(s) AI_Ifus Ga
AHgq In() = AHgq In(s) ™~ AHgyg 1

AHds GalnSn(l)

AHg, Ga() = AHg, Ga(s) AHf56a
AHg, In(h) = AHg, In(s) ~ AHgy1n
AHg, Sn() = AHg, Sn(s) ~ AHfyq sn

0.782 Ga (I, 25 °C ) +0.148 In (I, 25 °C ) +0.070 Sn (I, 25 °C ) — Gag 75,Ing 14551 70 (1, 25 °C )
AyicH= — AHyq Garnsaqy +(0.782 AHy, goq) +0.148 AHy 1) +0.070 AHy, 50

Gag 754100 17500 065 ZNo.o11 (1 25 °C ) +1.764 O, (g, 800 °C ) —0.392 Ga,05 (soln, 800 °C )+0.074 In,0,

AHds GalnSnZn(1)

(soln, 800 °C )+0.068 SnO, (soln, 800 °C )+0.011 ZnO (soln, 800 °C )+0.070Sn0O, (soln, 800 °C )

Ga (1,25 °C )+0.7500, (g, 800 °C ) — 0.500Ga, 05 (soln, 800 °C)
In (1, 25 °C ) +0.7500, (g, 800 °C ) — 0.500In,0; (soln, 800 °C )
Sn (1, 25 °C )+ 0, (g, 800 °C ) —SnO, (soln, 800 °C )

Zn (1, 25 °C ) +0.5000, (g, 800 °C ) — ZnO (soln, 800 °C)

AHy, Ga(l) = AHy, Ga(s) AHfus Ga
AHy, In() = AHgq In(s) — AHgyg 1

AHy, Sn() = AHg, Sn(s) ~ AHgyg sn
AHgq Zn(l) = AHgq Zn(s) AHpy 70

0.784 Ga (1, 25 °C ) +0.147 In (1, 25 °C ) +0.068 Sn (1, 25 °C )+0.011 Zn (I, 25 °C ) — Gag 1410 1,750 06sZg 011 (1 25 °C)
AvixH= — Ay, Gansazagy +(0.784 AHy, guq)+0.147 AHy ) +0.068 AH, g, +0.011 AHy, 700

Ga, In, Sn, and Zn are the metals in question, s, g, 1, soln mean solid phase, gas phase, liquid phase, and solution in molten sodium molybdate
respectively. The enthalpies of drop solution calorimetry, fusion, and mixing are denoted by AH,, AHy,,, and AH\;, respectively
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of the ternary Ga—In—Sn or the quaternary Ga—-In-Sn—Zn
systems, so multiple computational methods were employed
for comparisons to the experimental data (Fig. 3).

Geometrical models and FactSage software
computations

To compare the experimental heats of mixing for the ternary
and quaternary eutectics, both symmetric and asymmetric

! A mixH/Ga—In-Sn
0.9
0.8

07 - - - =
oz o o2 "
075+5.62 069 o7t 072 0.

AmixH/KJ mol!
o
o

Factsage
(FTiite)

Exp AmixH Kboler Muggianu colinet Toop. Hillert Bonnier chou

AmixH/Ga—In-Sn-Zn

AmixH/KJ mol™

Exp Amixt Kboler Muggianu colinet Toop Hilort Bonnier chou  Factsage (FTite)

0.75+ 2.73
o

0.76+ 0.19

models were computed along with the FactSage software
(using the FTlite database), these are given in Table 5 and
Fig. 4, showing agreement within the obtained experimental
uncertainty for the ternary and quaternary alloys. The values
closest to the experimental data were those obtained by the
Hillert and Chou models [50, 54]. Based on a root mean
square analysis (RMSD) performed on all the computational
methods for eutectics of Ga—In—Sn and Ga-In—Sn—Zn alloys
(see Table 2). The formulation used for this analysis was

AmixH/Ga—-In-Sn — Full error bar
s
s
oes o7 o7 o7t o 070 o o7t
i
- - - - - . 2 - -
o755
ExpAmixH Kboler Muggianu colinet Toop Hillert Bonnier chou Factsage

4 (i)
-3

=

a8 R

AmixH/Ga-In-Sn—Zn — Full error bar
a8
28
0.8+5.91 125
ore o7 o7 079 075 o7 075
o8 s = - - a
Expls mixH Kboler Muggianu colinet Toop Hillert Bonnier chou Factsage
FTie)
12
2
52
0.75+ 5.62 0.8+ 5.91
B ]

AmixH/KJ mol™

Exp AmiiH (Ga—In)

Fig. 3 Experimental heats of mixing (orange squares) for the eutec-
tics of the Ga-In—-Sn (top two) and Ga—In-Sn—Zn systems (middle
two) compared to modeling results (blue squares) for all calculation
methods employed. Tabulated experimental heat of mixing in this
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Lit AmixH (Ga-In)

Exp AmixH|(Ga—-In-Sn) Exp AmixH (Ga—In-Sn-Zn)

study and literature value (bottom center) for the eutectics of the Ga—
In (yellow squares), Ga—In—-Sn, and Ga-In-Sn—Zn systems (orange
squares). (Color figure online)
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Table5 All mixing enthalpies produced by the geometrical mod-
els and FactSage for GalnSn and GalnSnZn eutectics used for com-
parison with the obtained experimental data by the calculation of the
mean square deviation value (RMSD)

Models A, HAJmol™! A, HAImol™! RMSD RMSD

(GalnSn) (GalnSnZn) (GalnSn) (Galn-

SnZn)
Kohler 0.69 0.72 0.06 0.08
Maggianu 0.71 0.79 0.04 0.01
Colinet 0.72 1.25 0.03 0.45
Toop 0.71 0.78 0.04 0.02
Hillert 0.72 0.79 0.03 0.01
Bonnier  0.70 0.75 0.05 0.05
Chou 0.72 0.79 0.03 0.01
FactSage- 0.71 0.75 0.04 0.05
FTlite

DeltaH /KJ mol =

Fig.4 Enthalpy of mixing (reference state: pure liquids at 25 °C)
of the binary liquid subsystems as calculated using the FTlite data-
base of the FactSage 8.2 software. Used to determine the enthalpies
of mixing in the models discussed above. Note only the liquid solu-
tion was considered for these calculations. Alpha stands for the molar
composition range between A and B

summarized and can be found in the literature [70]. The
RMSD values for Hillert model were 0.03 for GalnSn and
0.01 GalnSnZn. The Chou model, similarly, gave 0.03 for
GalnSn and 0.01 GalnSnZn. These values represent the
minimal magnitude of the difference between experimental
and computed energetics for both GalnSn and GalnSnZn,
supporting compositional asymmetry in the heats of mixing,
especially for the quaternary eutectic, but complete calori-
metric studies are needed to confirm the detailed behavior.
FactSage appears to be the most effective calculation method
because it handles the thermodynamics of liquid multi-
component alloys quickly and effectively with reasonable
accuracy [56]. This software also offers tunability to pro-
duce more accurate results while providing an extensively
optimized database of binary alloys to compute the mixing

enthalpies of higher order solutions. For the geometrical
models described above, the calculations were accomplished
by inputting the binary enthalpy outputs from the Flite data-
base (see Fig. 4) into each model and computing the energet-
ics through EXCEL.

The small differences between the calculated energies by
FactSage and the experimental values, though within experi-
mental uncertainty, may suggest energetic effects not explic-
itly accounted for by the current CALPHAD-based compu-
tational formalisms used in thermodynamic packages [56].
The necessity to account for the strength of each individual
two-body interaction (via classical interatomic potentials
which also depend on interatomic distances) as well as for
the internal structure of the studied melts may provide more
accurate predictions than the optimization of the interpola-
tion method (i.e. symmetric vs asymmetric) [71].

Possible benefits of using the newly developed liquid
metal solution calorimetry technique for future work include
extending its application to more Ga-LMA and other poten-
tial liquid at or below room temperature materials [72]. Now
that the values of the enthalpy of drop solution for the eutec-
tics of the Ga—In and Ga—In—Sn alloys are determined, future
study of more complex Ga-LMA require only the measure-
ments of the heat of drop solution of the multicomponent
samples, greatly decreasing the work needed to analyze their
heats of formation and mixing. This calculation process, as
detailed in other research [35], can be applied to Ga alloys
consisting of many more constituents, not just up to the qua-
ternary systems. Another advantage of this technique is the
reproducible final states and low concentrations of the dis-
solved products, making the heats of solution obtained inde-
pendent from the concentration of dissolved species present
in the solvent, the interactions of the cations in the melt, or
precipitation of inter oxidic compounds during experiments
[43]. As all other solution calorimetric techniques, this
method requires complete and reasonably rapid reactions
and dissolution of samples that must be verified for any new
system to be studied. It is likely that some Ga-LMA alloy
systems will not easily meet these requirements and further
modifications of this technique may be necessary. [35, 65].

Conclusions

Oxidative solution calorimetry was refined to measure the
mixing enthalpies of Ga-LMA and verified with the charac-
terization of the Ga—In, Ga—In—Sn, and Ga-In—-Sn-Zn eutec-
tic compositions. This involved redesigning the calorimetric
glassware and the creation of a transport system to enable
reliable dropping of molten metal samples from room tem-
perature into molten sodium molybdate solvent at 800 °C
in a Calvet microcalorimeter. This technique will enable
future work in more complex higher order Ga-LMA as well
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as other material systems liquid at or below ambient tem-
perature, advancing both the experimental thermodynam-
ics and metallurgy fields. Analyses employing the geomet-
ric mixing models (symmetric/asymmetric) and FactSage
showed agreement within experimental uncertainty, favoring
asymmetric mixing properties, especially for the GalnSnZn
eutectic. All these empirical methods suggest appropriate
enthalpy analogs for unknown and increasingly complex
alloy systems to be analyzed through high temperature oxi-
dative solution calorimetry in the future.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10973-024-13035-5.
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