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Abstract The room temperature liquid metal (LM) is
recently emerging as a new class of versatile materials with
fascinating characteristics mostly originated from its
simultaneous metallic and liquid natures. The melting
point is a typical parameter to describe the peculiarity of
LM, and a pivotal factor to consider concerning its
practical applications such as phase change materials
(PCMs) and advanced thermal management. Therefore, the
theoretical exploration into the melting point of LM is an
essential issue, which can be of special value for the design
of new LM materials with desired properties. So far, some
available strategies such as molecular dynamics (MD)
simulation and classical thermodynamic theory have been
applied to perform correlative analysis. This paper is
primarily dedicated to performing a comprehensive over-
view regarding typical theoretical strategies on analyzing
the melting points. It, then, presents evaluations on several
factors like components, pressure, size and supercooling
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that may be critical for melting processes of liquid metal.
After that, it discusses applications associated with the
characteristic of low melting points of LM. It is expected
that a great many fundamental and practical works are to
be conducted in the coming future.

Keywords melting point, liquid metal, crystal, thermo-
dynamics, molecular dynamics

1 Introduction

The room temperature liquid metal such as gallium and its
alloy is a new kind of important functional material, which
owns traditional metallic behaviors like high conductivity,
thermal conductivity, and distinctive rheological properties
[1]. Compared with the commonly known mercury,
gallium based liquid metal has a much low toxicity and a
lower vapor pressure [2—4]. Meanwhile, the melting
temperature of gallium-based alloys can be modulated by
changing the components and sizes. This brings new
research value to the modification of metal fusion. Thanks
to its special rheological properties and metal properties,
low-melting point liquid metal has recently been increas-
ingly used in the thermal control process [5-9], bio-
medical health care [10—13], microfluidic chips [14-16],
fuel cells [17,18], deformation movements [19-22],
chemical catalysis [23-25], addictive manufacturing
[26,27] and more other fields [28—30] in both macro and
micro aspects. The amazing characteristics of such liquid
metals make their development both appealing and critical,
which is in fact bringing about brand-new perspectives and
opportunities for many cutting-edge areas.

With the development of the ultimate coolant formed by
the nano-crystallization of liquid metal with a low melting
point, it is well-known that the liquid metal nanoparticles
became gradually significant in microscale [31]. Some
provocative effects in the nano-process of the material like
Quantum effect [32], biomimetic phenomenon [33], and
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supercooling phenomenon [34], expand the application
scope and material dimension of the material. Besides,
Ga,0; with a thickness of 0.5-3 nm will be generated on
the surface of pure gallium at the presence of trace oxygen,
which would change the fusion temperature between pure
gallium and oxide [35]. So far, some methods such as
particles embedded elastomer electronic skin [36], biolo-
gical macromolecule material coated liquid metal capsule
[37], chemical reagent rapid preparation of long-term,
stable liquid metal nanoparticles [38], polymer/liquid
metal core-shell structure of energy-saving devices [39],
have proven the complementary and superiority of low
melting point alloy composites, where solid particles and
traditional metal powders fail to applications. On the other
hand, the material design, which is to comprehend and
research different materials and composite new substances
by combining each other’s properties, is an emerging area.
The resultant substance owns different physical properties
from the original material. For instance, the field of high-
entropy alloys (HEAs) comprised with kinds of metals,
which has some unexpected photo-electronic, ductile, and
hyper-elastic properties by the synergistic effect, has been
a scientific frontier till now [40,41]. With the breakthrough
of research content, it can be expected that liquid metal
would lead to a fundamental revolution in both academic
and industrial circles in the near future.

For the aforementioned scenarios, liquid metal and its
composites play a critical role in practical applications.
However, to the best of the authors’ knowledge, there are
few reports on the fundamental physicochemical para-
meters of room temperature liquid metal, mainly focusing
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on material development. The melting point, as the basis
for calculation of other physicochemical parameters like
the surface tension, vapor pressure, and phase equilibrium,
is perhaps the critical factor to identify liquid metals and
explore their applications [46]. For example, the difference
between macroscopic and microscopic melting point is
reflected by the degree of subcooling, and the temperature
of phase transition plays a decisive role in the relevant
applications [47]. At the same time, it is fatal to choose
materials with the applicable melting range in addictive
manufacturing industry due to the constraints of instru-
ments and costing.

Under the conditions of Lindemann and Bonn criteria,
combining theoretical predictions based on thermody-
namic relationships with experimental results is the
common approach for obtaining the melting point of
materials. In 2013, Wang et al. [48] proposed the liquid
metal material genome project so as to guide material
synthesis. This requests an overall presentation of
theoretical model, influencing factors, and related applica-
tions of liquid metal. Zhou et al. [49] measured the
composition and melting process of 13 kinds of bismuth-
based eutectic alloys by experimental methods, which
enriched the experimental data of liquid metals at room
temperature. To the best of the authors’ knowledge, there is
still a lack of overall perceptive of the liquid metal melting
process. The existing solution theory cannot explain the
melting mechanism of the gallium-based alloy well
owning to the special metal bond of the gallium metal.

To systematically understanding the fusion process of
liquid metal, a fundamental exploration of the melting
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Fig. 1 Typical applications of low melting-point liquid metal.
(a) Microfluidics: fabrication of liquid metal nanoparticle (adapted with permission from Ref. [42]); (b) addictive manufacturing: circuits diagram
(adapted with permission from Ref. [26]); (c) wearable devices with self-healing liquid metal conductor powered by solar energy (adapted with
permission from Ref. [43]); (d) synthesis of graphene catalyzed by liquid metal (adapted with permission from Refs. [44,45]); (e) tumor therapy enabled
by the photothermal property of liquid metal nanoparticles (adapted with permission from Ref. [21]).
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point is indispensable. In this paper, the melting point of
liquid metal was expounded from three perspectives: the
fundamental theory to predict the melting point, typical
effects that affect the fusion process, and application areas
that may be involved in melting point design. Besides, low
melting point alloys and functional materials were
discussed. Finally, the current research was summarized
and future development was prospected.

2 Fundamental theory

Understanding and mastering the properties of the material
would contribute to its further research and application.
The melting process, as one of the most important thermal
properties of materials, has caused great concern in the
field of material and engineering. The theory of calculating
the melting point has been well developed. Herein, the
criterion for metallic fusion is presented. The fundamental
theories are summarized in two directions: the thermo-
dynamic theory from a macroscopic point of view and the
molecular dynamic simulation from a microscopic point of
view, through which, the theoretical prediction about
melting point of metallic substances could be available.

2.1  Criterion for melting process

In 1910, Lindemann proposed the assumption that the
atomic motion in the crystal was a simple harmonic
motion, which well explained the melting process of
crystal [S0-53]. According to this theory, the amplitude of
the atom near the equilibrium position changes in term of
the thermal motion. When the ratio of the root mean square
amplitude of the atomic vibration to the atomic spacing R
reaches a critical point d;, the crystal will melt. The & at
the melting point, which also named Lindemann para-
meter, is defined as [54]

o= (U, (1)

where r is the nearest-neighbor distance and (U?) is the
mean-square-amplitude of vibration of a monatomic
lattice, which in the quasi-harmonic approximation can
be expressed in Ref. [55].

The interaction between atoms, which means the process
of physical state change, is the change of binding energy
between atoms. Therefore, the binding energy between
microscopic atoms will be related to the change of the
phase of macroscopic materials. According to Lindemann
criterion, Fransisco et al. [56] theoretically derived an
empirical relationship between binding energy and melting
point, i.e.,

AE
T, = 0.032=—, @)
ks

where AE is the cohesive energy at the equilibrium lattice

constant, kg is Boltzmann’s constant, and 7T}, is the melting
point.

Metal melting is not only reflected in the thermal
vibration of microcrystalline cells, but also refers to the
fact that the macroscopic stiffness will sharply change.
From the perspective of the elastic shear modulus of solid,
the state that the elastic modulus of solid disappears or
mutates is defined as the melting process of the entire
crystal [57]. The melting process is often called mechan-
ical melting because crystals do not have enough stiffness
to maintain the shape.

Cahn [53] calculated that for most of the particles, rather
than the whole crystal, when taking the Lindemann
criterion of a critical score of 0.22, Born average elastic
shear modulus tends to be zero. Namely, melting is
obtained when local lattice is in the state of instability,
which is made from the combination of the two standards.
This result shows that the two criteria are essentially the
same when describing the melting of substance, but from a
different perspective. Both melting criteria are usually used
in numerical simulations and experiments [58,59].

2.2 Thermodynamic theory

The thermodynamic equilibrium is featured as a state
where no macro changes occur over the time. An important
conclusion of the classical thermodynamics is that a closed
system can be regarded as a state of thermodynamic
equilibrium if the system has a minimum value of Gibbs
free energy G, where the temperature and pressure are
constant (Fig. 2(a)). Such basic conclusions have been
applied for the calculation of parameters about phase
change processes. Teldes [60] believed that based on the
second law of thermodynamics, the latent heat of a
substance could be calculated with the melting point of
components, and studied several alloys of high melting
points that could be used as energy storage materials.
Birchenall [61] proposed that equations about the melting
points of eutectic alloys could be obtained by using
classical thermodynamics under general simplification.

Supposing that microscopic changes have ignorable
influences on macroscopic transitions, the melting process
of an alloy can be specifically simplified as a two-step
process: solid-liquid phase changes of every single
component and mixing of different components in liquid
phases.

Considering the fact that the proportion of the same
component varies in different phases during the transitions
of the alloy, the chemical potential about Gibbs free energy
is needed, which is defined as

oG
BB = (6—> . 3)
ng/ T.pnc

For further calculation, the equation for the chemical
potential of a certain substance in liquid phase can be
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written as

b = GY + RTIndY, = G + RTIn, + RTInyk,, (4)

where p is the chemical potential, G is the Gibbs free
energy, x is mole fraction of the substance M, a is activity,
and y is activity coefficient. The superscript L represents
the liquid phase. The calculation for the chemical potential
of the substance in solid phase is the same as Eq. (4).
When dealing with phase change processes, the
difference of Gibbs free energy G between each phase at
temperatures away from that of the equilibrium state (Fig.
2(b)) is often focused on. The deviation of G from that of
the stable state leads to the change of G, providing driving
forces for the transition (Fig. 2(c)). Based on classical
thermodynamics, when a substance reaches equilibrium in
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different phases, chemical potentials from all phases are
the same. Subsequently, the end about transition of the
alloy is the certain moment when chemical potentials of the
alloy in solid and liquid phases are equal. For calculation,
the criterion is that chemicals of every component in solid
and liquid phases from the alloy are the same.

According to the above analysis, parameters about the
phase change can be obtained through calculation. To be
exact, the values of Gibbs free energy change AG,,;, are of
first importance in calculation (Fig. 2(d)). A common
hypothesis ideal liquid mixture is introduced here to
simplify the calculation. The formulas thus established can
be used for realistic situations after modification. If the
alloy is considered to be an ideal liquid mixture, the
following desirable properties can be obtained [62]:

(1) The volume of the mixture is equal to the sum of the
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Fig. 2 Typical schematics about Gibbs free energy, chemical potential and phase diagrams (adapted with permission from Ref. [60]).
(a) Changes of Gibbs free energy with the different arrangements of atoms (Systems with structure ‘A’ is at stable equilibrium while those with structure
‘B’ is at metastable equilibrium.); (b) molar free energy for the substance of different phases;(c) Gibbs free energy change during mixing for a binary
system;(d) relationship between Gibbs free energy and chemical potential for binary solutions; (e) phase diagram of eutectic binary systems.
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volumes of the pure components before mixing;

(2) The enthalpy of mixing between two pure liquids is
zero; and

(3) The system has an ideal entropy of mixing.

In addition, the chemical potential of a single component
in the mixture is much easier to calculate. Through such an
assumption, Pan et al. [63] obtained equations for the
melting point and latent heat of binary, ternary and
quaternary alloys (Eq. (5)), the values got from which
showed slight differences compared with those experi-
mental values. They also proposed the calculation strategy
for alloys with more components. Therefore, the melting
point of an alloy is feasible to predict based on
thermodynamics, i.c.,

L
M — L—A<ii). (5)
ay R\T, T,

Considering the relationships among Gibbs free energy,
temperature, pressure, and composition, phase diagrams
can be drawn based on a large amount of thermodynamic
data. Through the phase diagram, the information of the
Gibbs free energy change can be intuitively obtained, thus
judging the point of phase transition and obtaining related
parameters. Van Larr [64] first proposed the CALPHAD
(calculation of phase diagrams) in 1908. Since the 1970s,
with the development of thermodynamics, statistical
mechanics, solution theory, and computer technology,
phase diagram research has entered a new stage of
coupling between computer and thermochemistry [65].
Using the CALPHAD method, based on thermodynamic
knowledge and existing data, difficulties in conducting
some actual experiments can be possibly avoided. Besides,
it is possible to predict the phase diagram of the system, or
estimate the experimentally difficult parts by the easy-to-
measure part to improve the accuracy [66—68] (Fig. 2(e)).
However, the CALPHAD method is supported by a large
thermodynamic database, and experimental measurements
of the necessary parameters are indispensable.

The thermodynamic-based approach undoubtedly pro-
vides a simple and feasible tool for estimating the melting
point of an alloy. However, differences between this
idealized operation and the real system must be empha-
sized. Usually, mixing is an endothermic or exothermic
process, and the enthalpy of mixing is impossible to be
zero for ordinary solution systems. Therefore, it is essential
to consider the enthalpy of mixing [69]. According to the
quasi-chemical model, the enthalpy of mixing AH,,,;x only
depends on the bond energies of adjacent atoms. The
above method can be modified with this model. However,
the model is established on the assumption that the
volumes of different pure components are the same, which
also do not change during mixing, so that the interatomic
distances and bond energies are independent of the
composition [70].

This modification, however, is still unable to accurately

describe the dependence of Gibbs free energy change
AGix on temperature and composition during mixing for
real systems. A steady-state is not solely guaranteed by the
random arrangement of atoms, while the actual arrange-
ment of atoms must match the change to achieve an
available minimum AG,,;,. Meanwhile, the entropy
increases as temperature increases, which, in turn, reduces
the order of the atoms inside the material. Assumptions
about atomic arrangements and bond energies from the
quasi-chemical model neglect all these complex details.
Additionally, for some systems with strong chemical bonds
inside, the mixture of phase changes will even break the
lattice structure of the original pure components, and
obtain the intermetallic phase with a highly ordered
structure [70]. For these complex authentic changes, the
accurate calculation about the enthalpy of mixing AH y;,
needs to be further considered.

2.3 Molecular dynamics simulation

Molecular dynamics simulation is a numerical calculation
method that simulates a multi-body system composed of
nuclei and electrons, and thus obtains the structure and
properties of the system. With the development of
computing performance, molecular dynamics simulation
has become an important method for material design and
property prediction.

In a molecular dynamics simulation, the system is
described by Newton’s equation of motion. By solving the
differential equation of Newton’s Second Law, the details
of the motion of the atom can be obtained by Eq. (6) [70],
1e.,

2
q="T Tt ©
d? m;

where m;, r;, F;, and f; are the mass of the ith atom, the
position vector, the force from the potential field, and other
forces, respectively, in which F; can be calculated
according to the gradient of the potential function
F,=-V,U.

The accuracy of the interaction potential between atoms
has a great influence on the accuracy of the calculation
results. The potential function model proposed can be
roughly divided into the pair potential and many-body
potential. The pair potential model believes that the
interactions among atoms are in pairs, independent of the
positions of other atoms, while many-body potential
considers the interaction effects of other atoms.
Embedded-atom method (EAM) is one of the most widely
used models, which is a semi-theoretical many-body
potential model. The basic idea of the EAM potential is
to divide the total potential energy of the crystal into two
parts. One part is the interaction between the nucleus on
the lattice. The other part is the embedding energy of
the nucleus embedded in the background of the electron
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cloud, which represents multi-body interaction. In this
way, the total potential energy of the system can be
expressed as [71]

U= ZFi(ph,i) +%Z¢ii(Rii)’

i#j

(™)

where F; is the embedding energy, p;,; is the total density of
the electron of other atoms except the atom at R, ; position,
which can be expressed as Z Ji(Ry).
i
The potential function ¢; here uses the Johnson
potential, which is an interatomic potential model and
has superiority in describing metal crystals.

#ij(R;;) = *An(Ri,j*Bn)S + C,R;j—D,. ®)

It should be pointed out that the form of the embedding
energy Fip;,;) and the interatomic potential function
¢;(R;) are not unique. The function listed is just the
classic model. There is still a lot of ongoing research work
to modify the EAM model [72,73].

The energy and temperature relationship of the system
can be calculated when the potential energy function is
determined. Normally, the melting point of a nanocluster
can be obtained by calculating its potation energy as a
function of temperature. The melting point appears when
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energy jumps sharply (Fig. 3(a)). Another way to
determine the melting point is to calculate the relationship
between the Lindemann index and temperature. The local
Lindemann index of the ith atoms (J;) for a system of N
atoms is defined as the root-mean-squared bond length
fluctuation, i.e.,

1
5‘:1\/712

Viall

(R2)—(Ry)’
(Ry)

The system of averaged Lindemann index is expressed
as

)

(10)

1
5:Ni25,..

According to the Lindemann criterion, fusion occurs
when the index is ranging from 0.1 to 0.15, and it is
related to the type of material. Yang et al. [59] studied
the nanoparticles of Pb and Li, and compared the
difference between the potential energy and the Linde-
mann index.

Molecular dynamics are now widely used in theoretical
studies of physics, chemistry, and biological systems. It
provides a very effective method for material design
and performance prediction. It should be pointed out that
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Fig. 3 Molecular dynamic simulation results judged by various criteria.
(a) Variations of the potential energy per atom; (b) Lindemann index (adapted with permission from Ref. [59]).
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the current molecular dynamics simulation is mainly
to calculate nanoclusters, and there is nothing to do with
the bulk. The relationship between the melting point
of bulk and nanocluster will be explained in detail in
Section 3.

3 Calculation method of the melting-point
of liquid metals

Due to the huge difference in hardness from conventional
metals, research on the basic physical properties of liquid
metals, including melting points, has been conducted for a
long time, from theoretical calculations to experimental
investigations and mathematical statistics. Herein, the
various techniques that interpreted the melting process of
the several common liquid metal elements and their alloys
will be presented.

87

3.1 Mercury

As the only liquid metal in natural environment with large
density, mercury is the first liquid metal known and utilized
by humans with a melting point of 234 K [74,75]. Its
abnormal physical properties have attracted much atten-
tion. Norrby [76] summarized the scientific explanations of
liquid origin of mercury from the perspective of relativistic
effect and anomalies compared with the chemical proper-
ties of gold, the adjacent elemental. Due to the relativistic
effect and lanthanoid contract, the two 6s electrons in Hg
contribute less to the metal-metal bonds than that of metal
gold, making the melting point of mercury much lower
than the next-door neighbors. Calvo et al. [77] began with
a microscopic explanation of the anomalous nature of the
low melting point of mercury. Using the Monte Carlo
(MC) simulation with the quantum diatomics-in-molecules
(DIM) model, the interactions among mercury atoms,
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Fig. 4 Illustrations of melting process for mercury.
(a) Differences in electron distribution between gold (Au) and mercury (Hg) (adapted with permission from Ref. [76]); (b) and (c) relativistic effects on
the melting process of mercury clusters (adapted with permission from Ref. [77]).
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clusters, and bulk mercury and heat capacity under the
influence of relative effects were analyzed for the first time.
The potential energy curve of the mercury dimer is less
affected by the relative effect, and the bond energy
shrinkage is only 0.20 A. However, for the melting process
of the many-body interaction states, it would become more
and more complicated. As shown in Fig. 4(c), the atomic
clusters of different primary and secondary magic numbers
such as 13, 19, and 55 are under the influence of relative
effects. The melting process has been changed and the
maximum temperature difference can reach 176 K (Hg 55).
At a constant zero pressure and under a suitable periodic
boundary condition, the melting point of the bulk mercury
is drastically reduced, and an accurate melting point is
obtained at a temperature of 234.32 K in consideration of
the relative effect. Conversely, regardless of the relative
effect, there is a mistake in the presence of solid mercury at
room temperature.

3.2 Gallium

The room temperature liquid metal gallium and its alloys
are attracting significant attentions as rheological, non-
toxic, non-volatile which are used to be alternative
applications of mercury. In the following, the melting
process of the gallium-based liquid metals with respect to
the theoretical derivation, numerical simulation, experi-
mental research and environmental conditions, which is
consistent with the basic theoretical framework of the
second part, is discussed.

The melting process of gallium single crystals has a
significant correlation with the lattice structure. Quantita-
tive research on the melting process of metal gallium, the
traditional theory of melting caused by impurities,
indicates that there is a deviation with the results of the
gallium. The dislocation phenomenon inside the metal
induces the melting of gallium, and the vibration of the line
defect in the vicinity determines the acoustic and
thermodynamic properties [78,79]. At a slow heating
rate, rather than a rapid temperature rise, the melting of
metal gallium does not feature a stable fixed melting point,
but rather multiple melting processes on different crystal
phases [80,81].

The numerical simulation method has also been used to
study the solid-liquid phase transition of gallium for many
years. Bridgman [82] first measured solid gallium with X-
ray diffraction (XRD), indicating that there were 8 atoms in
the gallium cell at atmospheric pressure, and a-Ga was a
stable phase. Using the Ab initio molecular dynamics
model, the calculation confirmed that there was a
significant covalent existence in o-Ga, which led to the
density of states at the Fermi energy in o-Ga reduced
[83,84]. Bernasconi et al. [85] used Ab initio calculations
to analyze the solid structure of gallium. The presence of a-
Ga interpreted the anisotropy of its thermal properties
(conductivity, thermal conductivity). In addition, due to the

loose, oriented bonding structure, the volume of the
gallium shrinks by 2.9% in the melting process [86].

Moreover, experimental measurements are the common
method to obtain the melting process of metal. Differential
scanning calorimeter (DSC) is a frequently-used device
due to its wide temperature range and versatile applications
in thermophysical parameters [87,88]. He et al. [89] found
that the phase structures of gallium had a relation with the
volumes of gallium particles. From the results of DSC,
gallium particles with different sizes are corresponding to
the different phases. Kumar et al. [90] measured the
melting process of the gallium particles in the micro and
sub-micron sizes. The resultant illustrated that the melting
point of the mciro/sub-micron particles were lower than
that of bulk gallium and decreased with decreasing the
sizes of the particles.

The melting points of gallium will vary with melting
environments. Chen et al. [91] proposed to adjust the
lattice boundaries of materials by external field stimulation
to obtain suitable soft materials. With gallium melted in
porous glass, it is found that there is melting latent heat
peak at 230 K, far below the melting point of 302.9 K,
where there would be freezing-melting hysteresis related to
the order of atoms [34]. In the external rotating magnetic
field, the thermal and physical transfer process of gallium
in a square container was numerically and experimentally
studied [92,93]. Yang et al. [94,95] conducted a dimen-
sionless analysis and simulation of the high Ra number of
low-melting phase change metal materials, and proposed a
new and improved method to measure the thermal
properties of the materials.

3.3 Gallium-based alloys

Ga-based alloys are available in a wide variety of liquid
temperature zones, making them suitable candidates for a
wide range of applications by adjusting the alloy
composition to achieve the desired melting point to meet
the requirements. For the common eutectic gallium-indium
alloy (EGaln), the X-ray diffractometer measured the
liquid structure at room temperature and obtained the
structural factor. As shown in Fig. 5, by calculating the
double-body distribution function curve of the eutectic
gallium-indium alloy and verifing by comparison with
pure gallium, the atomic cluster structure of the alloy is
modeled, where the In atom is at the center and eight Ga
atoms are at the apex to form a simple cubic structure.
They are interconnected in a co-angular manner to form
larger clusters, and the arrangement and orientation
between the clusters do not have a long-range order [96].
Besides, the sharply peak presented the failure of the
mechanics of the alloy. According to the Borning’s
criterion, that peak is the melting point.

Based on the thermodynamic relationship, Eq. (5)
illustrated that the melting process of alloys is concerned
with the latent of the substance. This formula, however, is
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Fig. 5 Structural factors, binomial distribution functions, and cluster models for Ga-In alloys (adapted with permission from Ref. [96]).

accurate to binary alloys. Therefore, for the melting point
of ternary and above gallium-based alloys, the experi-
mental methods are frequently used to calculate the
melting process due to the complexity of the thermo-
dynamic relationship and the accuracy of the numerical
solution. Xiao et al. [97] studied the phase transition
behavior of Ga-In-Sn ternary alloy and Ga-In-Sn-Zn
quaternary alloy, and found that gallium-based multi-
alloys generally underwent metastable state during cool-
ing. Besides, Yu et al. [98] developed a new quaternary
GalnSnZn (GISZ) liquid metal with a melting point of
9.7°C, which can reduce the melting and expand the
applications of the gallium-based alloys at the present of
the zinc element. The DSC curves of different gallium-
based alloys are displayed in Fig. 6.

T
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Heati Tm—onscl Tm-cnd
eating A" GISZ
4—'
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N

Heat flow/(W-g 1)
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-40 -30 -20 -10 O 10 20 30 40 50
Temperature/°C

Fig. 6 DSC curves of Ga, EGaln, Galinstan, and GalnSnZn
alloys (adapted with permission from Ref. [98]).

4 Influencing factors for melting point of
liquid metals

The reduction of free energy is the essential cause of the
solidification process of liquid phase gallium, and the

important characterization of nucleation is supercooling.
Strictly speaking, the pure metal subcooling can reach 0.56
T [99]. Up to now, the measured lowest supercooling of
pure gallium, however, is 150 K in epoxy resin due to the
heterogeneous nucleation occurs [100]. In addition,
compared with other traditional pure metals, gallium,
indium and tin contain covalent bonds inside, which makes
the system more stable. In the melting process, covalent
bonds need to absorb more energy so that they can produce
larger supercooling.

4.1 Components

The component of the alloy is an important factor affecting
the melting point. In general, the melting point of the alloys
is lower than their corresponding pure metals. The reason
for this is that the different sizes of atoms in an alloy allow
their arrangement less regular than the pure metal, which
makes the bonds between the atoms weaker, and reduces
the temperature of fusion. Liquid metal with different
contents has been systematically studied by theoretical
analysis and experimental testing. Common components
such as In, Sn, and Zn, are used to form alloys with
gallium, which can be miscible with gallium in different
ratios to form alloys with various fusion temperature.
Phase diagrams of these binary metals are shown in Fig. 7,
from which the components of the eutectic alloys can be
obtained [101].

Changing the ratio of these alloys can obtain their
hypoeutectic and hypereutectic properties, respectively.
Referring to the phase diagram, the state of the alloy and
the phase composition at different temperatures can be
predicted using the lever rule, which has value in material
designing.

In addition to these binary alloys, there are some
commonly used multi-component liquid metal alloys. The
phase transition of multi-alloys is more complicated than
that of binary alloys. The melting point and phase
transition information of common multi-component alloys
including heavy metal elements (Cd and Pb) are just
summarized (Table 1).
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Fig. 7 Phase diagrams.
(a) Ga-In alloy where the atomic mass fraction of indium is 14.2%; (b) Ga-Sn alloy where the atomic mass fraction of tin is 7.7%; (c) Ga-Zn alloy where

the atomic mass fraction of metal zinc is 3.9%.

Table 1 Composition, latent heat, and melting point of multi-component liquid alloys [49]

Alloy/(w.t%) Melting point 7,,,/°C Latent heat L/(kJ-kg ") Type
Inys,Sn;73Bis7 5 80.70 32.47 Eutectic
Ins; 345n5 56Bi33 60.42 24.34 Eutectic
InySnyBise 101.13 3.87 Near-eutectic
Sn,,BisoPbyg 97.06 17.55 Near-eutectic
Sny;,Bis; sPbss 96.84 21.64 Near-eutectic
SnyeBis3;Cdyy 92.55 2.52 Near-eutectic
Bis; 6Cdg 2Pbag 2 92.97 26.66 Eutectic
Sns; ,Cdz ¢Pbig o 144.99 40.6 Near-eutectic
In; sSn;9Bis; sPby7 60.66-76.18 16.91 Not eutectic
Iny;Sn;,BisoPbg 59.73 27.07 Eutectic
Sny33BisoCd oPbag 7 72.14 30.35 Eutectic
4.2 Pressure

Generally, the melting point of a material increases as the — — / —
pressure increases. The method to change the melting [ __/// Contes ietion:

temperature by pressurization has a practical value for
some phase change material (PCM). The devices thus
designed include some contact junctions that can create a
high pressure, as shown in Fig. 8. In the heating process,
these high pressure areas can retain a part of the solid
crystals, which can be used as nucleation to reduce the
supercooling in solidification [102,103].

The relationship between melting point and pressure can
be described by Clausius-Clapeyron’s equation [104], i.e.,

dP  AH; AS 1
dT ~ TAV AV (an
For liquid metal such as gallium, the relationship
between pressure and melting point is complicated because
gallium exhibits different crystal structures at various
pressures. Jayaraman et al. [105] had conducted experi-
ments on the relationship between pressure and melting
point of gallium, and obtained the data as shown in Fig. 9.
It can be seen from Fig. 10 that the melting point of
gallium does not increase linearly with increasing pressure,

Fig. 8 Structure of a commercial reusable heat pack (Solid
crystals can easily be trapped at the contact junction with high
pressure.)

which emerges at the two inflection points in the curve.
The first inflection point occurs at a pressure of 11.7 kbar
(Abnormally, in the interval less than this pressure, the
melting point decreases with increasing pressure), the
second inflection point appears at 30.0 kbar. The complete
curve of gallium is shown in the three-phase diagram of
gallium. Figure 10(a) illustrated the three-phase diagram of
gallium, which is determined by the DTA and volume
change [105]. The results indicate two triple points of
gallium. The triple point of liquid — Ga I — Ga II located at
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Fig. 9 Melting curves of gallium, indium, thallium, and

aluminum (It can be seen that the melting point increases with
the increase of pressure except for gallium.) (adapted with
permission from Ref. [105]).
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11.7 kbar and 3°C, the triple point of liquid- Ga II- Ga III
located at 30.0 kbar and 45°C. Ga I is a steady-state phase
at atmospheric pressure and is now often called a-Ga. The
crystallographic data of a-Ga, Ga II, and Ga III are shown
in Table 2.

When the pressure is less than 11.7 kbar, the solidifica-
tion process of liquid gallium tends to form a-Ga, and the
melting point of a-Ga will decrease abnormally with the
increase of pressure, whose calculated slope d77dP is
—3.22°C/kbar. When the pressure is between 11.7 kbar and
30.0 kbar, the solidification process of liquid gallium tends
to form Ga II. As the pressure exceeds 30.0 kbar, the
solidification process of liquid gallium tends to form Ga
III. The melting points of Ga II and Ga III increase as the
pressure increases in these two regions. The calculated
slope d7/dP are 2.29°C/kbar and 2.75°C/kbar, respec-
tively.

The phase diagram in Fig. 10(a) only shows the steady-
state phase of the corresponding region, and the possibility
of generating transient phases of other crystal forms is not
excluded. Defrain et al. [105] observed that the transient
phase Ga Il may be generated at —16.3°C in the
atmospheric environment. In addition, there may be
metastable phases such as B, y, 6, and & at atmospheric
pressure [85]. Table 3 tabulates the parameters of a-Ga and
some metastable phases. The possible metastable equili-
brium phase boundaries are exhibited in Fig. 10(b).

(a) 150 (b)
340
S 100
5
=
g 50k 320
o
5
&
0 DTA =
I 1I a VOLUME CHANGE g 300
) g
1 1 1 1 1 1 1 q_‘-‘)
0 10 20 30 40 50 60 70 g'
Pressure/kbar & 280
© _T
Q
260
[ 1010] 240
P — i
o 1 . 1 L, 1 1 1 1
& 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
\)/ Pressure/GPa

Fig. 10 Phase transition state and structure of gallium.
(a) Three-phase diagram of gallium, which includes two triple points (adapted with permission from Ref. [105]); (b) equilibrium phase diagram of gallium
with metastable phase contained (adapted with permission from Ref. [106]); (c) crystal model of a-Ga (adapted with permission from Ref. [107]).
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Table 2 Comparison of a-Ga, Ga II, and Ga III [101]

Phase Crystal system a/A bIA c/A Ref.
0-Ga Orthogonal 4.523 4.524 7.661 [108]
Ga Il (2.6 GPa, 313 K) Cubic 5.951+£0.005 - - [106]
Ga III (2.8 GPa, 298 K) Tetragonal 2.8134:0.003 - 4.4524-0.005 [106]
Table 3 Comparison of a-Ga, B-Ga, y-Ga, and 6-Ga (at atmospheric pressure) [101]
Phase Melting point /°C AH/(K) kg ™) Crystal system Lattce parameters
al/A b/A c/A Angle

o-Ga 29.78 80.0 Orthorhombic 4.523 4.524 7.661 —
B-Ga -16.30 38.0 Monoclinic 2.766 3.332 8.053 £ =92.03°
y-Ga ~35.60 34.9 Orthorhombic 5.203 10.593 13.523 -
5-Ga —19.40 37.0 Rhombohedral 7.729 - - o=72.02°

In addition, the anomalous relationship between pres- of the melting point of nanoparticles.
sure and melting point of a-Ga would be related to its
complex crystal structure. In the a-Ga crystz.il, the. gallium Top = T <1 _ﬁ), (12)
atoms are bonded in pairs, and the interaction with other 2n

atoms is weak, thus forming a Ga, molecular structure, as
shown in Fig. 10(c) [105]. This complex structure may
interpret some abnormal physical phenomena, such as low
melting point, supercooling, the increased density and the
decreased resistivity during melting.

4.3 Size effort

The melting process of bulk substances is weakly related
with the size. Only at the nanoscale can the size effect of
the melting point be apparently observed. Compared with
bulk gallium, it was found that the melting point of gallium
micron particles with a diameter of 0.45 pum was
approximately reduced by 1 K (73, = 27.9°C), while the
gallium nanoparticles with a diameter of 35 nm were
reduced to —14.2°C [9] (see Fig. 11).

Qi etal. [110] proposed Eq. (12) to explain the variation
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where T, is the melting point of the nanoparticle, Ty, is
the melting point of the corresponding bulk material, N is
the number of atoms on the surface of the nanoparticle, and
n is the total atomic number of the nanoparticle.

In Eq. (12), the atoms of the particle are divided into two
parts, internal atoms and surface atoms. The cohesive
energy per atom of the surface atoms is only half of the
internal atoms, since half of the total bonds of each surface
atom are dangling bonds. Moreover, the cohesive energy
determines the melting temperature. The ultra-high specific
surface of the nanoparticles causes the cohesive energy to
decline, thus decreasing the melting point. Equation (12),
however, ignores the internal relaxation of the nanosolids
and does not take into account the shape effects of the
nanoparticles. The value of the N/n plays a crucial role.
When the shapes of nanosolids are simplified into spherical
and disc-shaped assumptions, the value N/n has the

®) \Freezing
| 2nd cooling
T ~—— Istcooling
E
£ ~ o
U% “Ist heating —— "‘
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I/
[ i
|
IO.S mW/mg | Melting
1 1 1 1
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Temperature/°C

Fig. 11 Characteristic DSC curves of bulk gallium and gallium particles.
(a) Microparticles (> 0.45 pm); (b) nanoparticles (35 nm) (adapted with permission from Ref. [109]).
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Table 4 Calculated N/n for different nanosolids [110]

Nanosolid Nin
Spherical nanosolids 4d/D
Disk-like nanosolids (4/3)d(1/H + 2/D)
Nanowires (8/3)d/D
Nanofilms (4/3)d/H

Notes:d—Atomic diameter; D—diameter of the spherical, discotic nanoparticles;
H—height of the discotic nanoparticles

following relationship as presented in Table 4. Based on
the calculated method, the theoretical calculation of
melting process of Sn, Pb, and In primely agree with the
testing results (Fig. 12).

In addition, Nanda et al. [111] deduced similar results.
The spherical melting point of nanoparticles, nanowires,
and nanofilms are Ty, = Ty(1-0/D), T = Trp(1-26/3D),
T = Trn(1-p/3H). Here Bis a constant with respect to the
material, and = 3.36 nm for gallium.

Different from the perspective of cohesive energy, Luo
et al. [112] proposed another model based on the change of
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free energy of the system, which described the principle
that the free energy of the system tends to stay at low
position. The free energy of the solid and liquid phases is
variational at different temperature, and the melting
temperature of the nanoparticle can be obtained from the
intersection of these free energy curves, as displayed in
Fig. 13(a).

Luo et al. [112] divided total Gibbs free energy Gioa
of materials with nanostructure in unit mole as a sum
of the volume free energy Gy and the surface free
energy Gguface (Eq. (13)). And the area changes of
surface 4 and surface tension ¥ were considered
when calculating surface energy Ggumce (Eq. (14) and
Table 5), i.e.,

Gtota1<T) = G@(T) + Gsurface(T) = Gbulk(T) + ’Y(T)A<T)>
13)

dy
7d_T(T7Tmb)'

The molar volumes of the solid and liquid phases as a

7(T) =Tm (14)
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Fig. 12 Comparison of the theory and experiment for Sn and Pb nanoparticles (adapted with permission from Ref. [110]).
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Fig. 13  Effect of binding energy and size on the melting point of nanoparticles (adapted with permission from Ref. [112]).
(a) Gibbs free energies of the solid and liquid indium for the bulk material, 10, and 4 nm nanoparticles; (b) comparison of Luo, Qi, and Nada’s theory and

the experiment of Bi nanoparticle.
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Table 5 Molar surface area of different nanosolids [112]

Molar surface area
A(T) = (6/D)V(T)
A(T) = (6V/6/D)V(T)

Nanosolid

Spherical nanoparticles

Regular tetrahedral
nanoparticles

Regular icosahedral

A(T) = [9v/3-3VI3/DIV(T)

nanoparticles
Cylindrical nanowires A(T) = (4/D)V(T)
Nanofilms A(T) = (2/H)V(T)

Notes: A(T)—Molar surface area at temperature 7, V(7) —molar volume at
temperature 7; D and H mean the same as Qi’s work.

function of temperature are expressed as follows respec-
tively,

VIT) = V[l + (T — Ty, (15)
o VI(T)
VT =1 (16)

where V), is the molar volume of the liquid phase at
melting point, J is the coefficient of thermal expansion of
volume, and o is the volume change rate in the melting
process, which can be calculated as o = [V1,(T)—V3/(T)]
/Va(T).

The model of Luo et al. takes into account other factors,
namely, surface free difference between the solid and
liquid phases, the temperature effect on the surface free
energy and molar volume, as well as volume change at
melting point for nanostructured materials. This theory
yields better predictions when interpreting particles such as
Bi, In, and Ag than those models of Qi et al.’s and Nanda
et al.’s (see Fig. 13(b)).

4.4 Supercooling

The supercooling of gallium is significant, and its
temperature can be lowered by orders of magnitude
[113]. Gallium-based alloys have a tendency to super-
cooling since they need more energy for nucleation
compared with normal liquids like water. According to
the classical theory of nucleation, the energy change of the
liquid in the solidification process contains two parts: the
difference of volume free energy between the solid-liquid
phase AG,, that is positively correlated with crystallization,
and the interface energy o that is negatively related to
crystallization [114]. For a crystal nucleus with a radius 7,
the total change of the free energy can be calculated as
AGioa = —gﬁ G, + 4mo. (17)
Figure 14 shows the relationship between the volume
free energy, interface energy, and the radius of the crystal
nucleus. It can be found that there is a critical radius of the

AG

2
+ 4nro

Fig. 14 Relationship between the volume free energy, interface
energy and the radius of the crystal.

crystal nucleus below which the crystal nucleus cannot
grow spontaneously. The critical radius can be obtained by
differentiating the radius of free energy (0AGo/dr = 0).
The critical radius and the critical free energy for
nucleation at temperature 7 can thus be obtained,
expressed as Egs. (18) and (19).

20T, 1
- m. 18
T AH, T T (18)
16 no’ 1670° T, 2 1
AGC:_RJZZ To ;n - (19)
3 AGp 3AHy* (T,,—T)

where T}, is the melting point and AH,, is the volume fusion
enthalpy.

In the solidification process, the atoms or molecules in
liquids form embryos with the present of thermal motion,
and only the embryos with the larger radii 7, can be the
nucleation centers. Therefore, the critical radius and the
critical free energy for nucleation indicate the difficulty of
nucleation, and the liquid with a larger r. or AG, is more
different to form crystal nucleus and more likely to be
supercooled. Table 6 lists the thermodynamic parameters
of some typical liquids, such as gallium, mercury, bismuth,
and water. Based on those parameters, the critical radius
and the critical free energy at different temperatures can be
calculated, as shown in Figs. 15(a) and 15(b). The
calculation shows that bismuth has a larger critical radius
and critical free energy than those of other substances, thus
pure bismuth droplets should be more easily to be
supercooled. The maximum supercooling measured by
the experiment are listed in Table 6, which is in agreement
with this review.

5 Applications based on melting process of
liquid metal

The previous sections demonstrated the fundamental
theories and typical effects on the melting point. Through
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Table 6 Thermodynamic parameters of typical liquids [100]

Room temperature liquid metal

95

Liquid Tw/K o/(107)-m ?) AH/(10°T kg ™) P(10°kg - m ) AT pax/K
Gallium 303 55.9 80.00 5.92 76.00
Mercury 2343 24.4 11.42 13.534 58.00
Bismuth 544 54.4 54.07 10.05 90.00
Water 273.2 32.1 334.00 0.9167 25.00
(@ 12 (b 30
Gallium .
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Fig. 15 Critical parameters for nucleation of typical liquids at different temperatures.
(a) Critical radius r.; (b) critical free energy AG..

these contents, the melting point of liquid metal sample can
be calculated when the parameters like structures and the
component contents are known. Further, the melting point
of liquid meal can be changed by changing the
components, the working pressure, and the particle sizes.
This will provide a guideline for material designing, which
is helpful to the applications. Herein, to illustrate practical
applications of liquid metal, several practical examples in
the field of the metallic PCMs, heat transfer fluids, and
addictive manufacturing are introduced.

5.1 Metallic PCMs

Phase change material (PCM) refers to the substance with a
high heat of fusion, which is competent to store or release a
huge amount of thermal energy with melting or solidifying.
In the melting process, the PCM can absorb a considerable
amount of heat energy from the surroundings with its
temperature remaining constant or variation in a small
range and vice versa in solidification.

Due to the advantages of compact structure, high energy
density and convenience for use, the PCM is becoming a
promising candidate for more possible thermal applica-
tions such as heat storage, temperature control, and so on,
the research for which has been a popular topic in the field
of heat transfer. Additionally, the PCM can also be a
passive cooler for heat impulses in electronics working
intermittently, the frequent temperature undulation of these
apparatuses being considered. Common PCMs can be
divided into three categories based on different chemical

compositions, namely organic PCMs, inorganic PCMs,
and metallic PCMs (Figs. 16(a)-16(c)).

The process of phase change completely determines the
thermal performance of PCM. The most important three
thermal parameters are the melting point 73,, which
determines the temperature area applied; the thermal
conductivity &, which influences the efficiency of heat
transfer in the phase change; and enthalpy of fusion AH,
which represents the ability of heat storage. Compared
with metallic PCMs, the inferior conductivity of organic/
inorganic PCMs notably limits the efficiencies of heat
transfer, thus hindering a better thermal performance.
Figure 16(d) clearly shows the distribution of melting
point of different PCMs, by which the temperature
range of application for a certain PCM is determined
[115]. Although the specific enthalpy of fusion of metallic
PCMs is lower than that of nonmetallic PCMs (Fig. 16(e)),
those metallic ones are better as far as volumetric enthalpy
of fusion is concerned (Fig. 16(f)), which enables more
applications in an extremely narrow space.

As the metallic PCMs are widely used, Table 7
summarizes the physical properties of their thermal
parameters [115]. Ge et al. [6] thoroughly proposed the
method of heat control/storage based on liquid metal as a
new kind of PCM in 2012, which opened a new heat
management mode for electronics devices. Considering the
thermal properties, convenience, stability, and cost-effi-
ciency, liquid metals almost represent excellent perfor-
mances as PCMs, as shown in Fig. 17. Additionally, liquid
metals have extremely low melting point as around the
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Fig. 16 Examples and property contrast of three common types of PCMs (adapted with permission from Ref. [115]).
(a) Paraffin (organic PCMs); (b) typical hydrated salt (MgCl, - H,O, inorganic PCMs); (¢) E-BilnSn (low-melting-point metallic PCMs); (d) enthalpy of
fusion versus melting point of different PCMs; (e) specific latent heat versus thermal conductivity of different PCMs; (f) volumetric enthalpy of fusion

versus thermal conductivity of different PCMs.
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Fig. 17 Temperature responses of different thermal materials.
(a) During heating; (b) natural cooling processes (adapted with permission from Ref. [115]).

room temperature, which can be a promising alternative to
replace those nonmetallic PCMs for better thermal
management [116,117].

As mentioned above, the liquid metal has a big potential
as the PCM, the melting point of which determines the
certain temperature range it can be employed. Conse-
quently, the capacity of predicting the melting point of the
alloy can help quickly evaluate its properties as PCM.
Moreover, as a fateful parameter, the devisable melting
temperature can attribute to inventing new alloys to meet
different demands. Various choices of liquid metal PCMs

(LMPCMs), which are more targeted and precise for
thermal management can be obtained by these means.

5.2 Heat transfer fluids

The precise design of the melting point of liquid metals is
also quite important for the field of heat transfer. For
extreme conditions of high heat flux density such as chip,
laser, reactor cooling, etc., it is difficult for traditional heat
transfer fluids to meet the existing cooling requirements,
and thermal barriers have become the primary problem



Junheng FU et al. Room temperature liquid metal 97

Table 7 Comparison of thermal parameters of different metallic PCMs [115]

Metallic PCMs Meing point 7,,°C 0 e e e
Hg -38.87 11.4 13546(1) 0.139(1) 8.34(1)

Cs 28.65 16.4 1796(1) 0.236(1) 17.4(1)

Ga [94] 29.78 80.16 5904(s)/6095(1) 372.3(s)/397.6(1) 33.49(s)/33.68(1)
Rb 38.85 25.74 1470 0.363 29.3

Biyg 7Pbas s 47 36.8 9160 0.197 15
Injg,1Sng 3Cds 3

BisoIny PbigSn [ 118] 58.2 23.4 9307(s) 0.213(s)/0.211(1) 7.143(s)/10.1(1)
Bisy ¢Inug sSnyo.6[119] 60.2 27.9 8043 0.270(s)/0.297(1) 19.2(s)/14.5(1)
K 63.2 59.59 664 0.78 54
BisoPbsg -Sn 3 5Cd; 70 39.8 9580 0.184 18
Bis,Pb3oSn g 96 34.7 9600 0.167 24

Na 97.83 113.23 926.9(1) 1.38(1) 86.9(1)
BisgSnys 138 44.8 8560 0.201 44.8

In 156.8 28.59 7030 0.23(1) 36.4(1)

Li 186 433.78 515(1) 4.389(1) 413
Sng;Zng 199 32.5 7270 0.272 61

Sn 232 60.5 7300(s) 0.221 15.08(s)

Bi 271.4 53.5 9790 0.122 8.1
Zns;Mgas 340 180 — — -
AlsoMg3sZng 443 310 2380 1.63(s)/1.46(1) —
AlgsCusoSis 571 422 2730 1.3(s)/1.2(1) —
Zn,oCuysMge 703 176 8670 0.42(s) —
CugoSizg 803 197 6600 0.5(s) —
SiseMgas 946 757 1900 0.79(s) —

Notes: —Liquid phase; s—solid phase.

limiting their development. Liquid metal and its alloys, due
to its high thermal conductivity and flow characteristics,
have outstanding performances in these advanced heat
exchange fields. In 2002, Liu’s team first proposed the use
of liquid metal as a heat transfer medium to efficiently cool
the chip [120]. Since then, they have conducted a series of
theoretical analyses, experimental testing, numerical
simulation, and optimization design for liquid metal
cooling systems [31,47,121-123].

Clearly, if the working fluid with low-melting point can
be obtained by the precise design method, the heat
exchange temperature range of the liquid metal could be
broadened. In this way, liquid metal, which has a high
efficiency in the heat exchange filed, can be applied to
more areas. For example, liquid metals can be used to
recover industrial low-grade waste heat. The low-grade
heat is the part of the heat that is left in industrial
production and cannot continue to work for industry. The
liquid metal with an efficient heat transfer has the potential
in this field application by choosing a suitable flowing
temperature.

5.3 Addictive manufacturing

Flexible electronics have attracted the interests in custo-
mization and industrialization owing to its intrinsic
security and portability of design [124-134]. With the
advancement of printing technology, the needs for
complex shapes and multifunctional print patterns have
been increasing. However, the printing consumables
currently used are polymers, which are insulative and
non-transformable. For traditional metal printing materials,
the powdered metal is first melted by a high-temperature
probe, and then reshaped to obtain a corresponding printed
shape. This method that demanded a high operating
temperature and pivotal performance of the probe, cannot
be widely promoted in the consumer electronics industry.
Recently, because of high price and complicated prepara-
tion processes (sputtering, spin coating, etc.), the applica-
tions of precious metal pastes (such as gold and silver
paste) are confining except of the fabrication of precision
instruments [128,135]. Room temperature liquid metal is
an excellent 3D printing ink consumable due to its
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rheology and good electrical and thermal conductivity
[136]. The low-melting liquid metal ink interacts well with
non-metallic materials in the manufacturing process,
realizing rapid low-cost prototyping of various electronic
circuit functional devices, and avoiding the etching process
of conventional printing.

Zheng et al. [137] proposed and demonstrated the printer
machine that can directly print ductile electronics on paper
with a low melting-point liquid metal at room temperature.
Hereafter, the realization of direct printing technology on
different substrates becomes a research hotspot owing to
the large surface tension and non-wetting property of the
liquid metal [138—-141].

It is a core issue to formulate liquid metal inks with
suitable melting points to meet different working condi-
tions. When metal gallium with other different kinds of
metals are alloyed at different contents, the melting process
and the external energy required are diverging, which
would eventually affect the performance of the final
substance. The exploration of the melting process of
different metals would contribute to obtaining suitable
printing inks for different substrates. This improved
method not only is material saving, cost-effective, but
also controls the alloying process very well, making the
reaction safer and more tunable.

6 Summary and outlook

It is important to fully understand the fundamental theories
and factors that influence the melting point of liquid
metals. Besides, such efforts are imperative for material
design and industrial applications. In this paper, the theory
for calculating the melting point of substances have been
summarized, including the thermodynamics based on
Gibbs free energy and the molecular dynamics simulations
based on the atomic interactions. After that, some typical
factors that have specific effects on the melting point of
liquid metal, such as composition, pressure, and size, have
been discussed in detail. Then, some practical applications
with liquid metals have been illustrated.

To create more types of low melting point alloys and
broaden practical applications such as in the field of elastic
electronics, bio-engineering and flexible robotics, the
following points should be further analyzed and discussed.

(1) Crystal nucleation process at microscale. The
melting point of a metal is related to the size of its
particles, and there are also magic numbers in the cluster
[77]. The criterions derived from different physicochem-
ical methods are related to the unit cell structure and
thermal motion. Currently, only simple crystal metals can
be analyzed [52,58,142—144]. Therefore, from the struc-
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ture of the unit cell and the band theory, it is still necessary
to conduct more basic investigations on the composition
and function of the low melting point alloy.

(2) The melting mechanism of the alloy. The melting
process derived from the relationship between Gibbs free
energy is only effective in low-element alloys. Due to the
assumption and simplification of the prediction of the
melting process of multi-alloys, the solution of melting
point about low-melting multi-alloys is still a challenge.

(3) Numerical simulation of low melting point alloys.
Considering the computational power, the existing mole-

cular dynamics methods can only calculate the few atoms
or atom clusters whose number of metal atoms in the
molecular simulation process is far away from the
composition of the macroscale metal. Furthermore, the
liquid metal has a degree of subcooling. Therefore, it still
poses a challenge to accurately obtain the overall melting
point with the suitable molecular weight selection. At
present, since the constituent elements of the low melting
point alloy are mostly complex crystal metals, molecular
dynamics simulation calculations of the liquid metal have
not yet been studied. Therefore, the theoretical calculation
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of the melting point data of various proportioning alloys,
and the better adjustment of the liquid metal to meet the
working requirements experimentally, are important issues
in the work to be followed next.

(4) Design of functional composites. The addition of
nanoparticles and polymer materials to the low-melting
alloy to obtain the desired reinforcing properties or special
properties, such as magnetic properties, photoelectric
conversion properties, etc., plays an important role in
realizing the application technology of the low-melting
alloy. Many attempts have been made to combine the
flexible substrate with the enhanced electrical and thermal
conductivity. Therefore, the use of the high surface tension
of the liquid metal to perform composite crossover on
flexible machines and smart materials is still worth
considering.

In summary, the low melting-point liquid metal with
commendable merits, especially its rheological behaviors
and metallic properties, would bring widespread potential
applications in emerging frontiers including flexible
electronics, soft robotics, and advanced thermal manage-
ment. Mastering the basic physical properties of materials
not only helps design materials, but also develops many
cutting edge applications via their unique material proper-
ties. In the near future, in order to extend the research
categories of liquid metal, theoretical and experimental
approaches should provide an important avenue for
mastering the intrinsic characteristics of fusion among
liquid metals.
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