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In the process of measuring the surface tension of Ga and Ga-based liquid metals by pendant-drop method,
we found that at least two factors will lead to inaccurate measurement results. For one thing, it is due to the
coating of the oxide film on the surface of the pendant-droplet, which shows the viscoelasticity. For another
thing, the volume of pendant-drop does not exceed the critical value to ensure the accuracy of measurement.
When the volume of the pendant-drops exceeds the critical value (the volume when Worthington num-
ber > 0.4), more accurate values can be obtained by using mechanical extrusion while rapidly forming
pendant-drops. The surface tensions of Ga, E-GaIn, Galinstan, and GaInSnBiZn alloys are � 717.2,
622.8, � 548.8 and � 545.7 mN/m, respectively, and the measured results are not sensitive to atmosphere.
In this study, the dispersion component of GaInSnBiZn high-entropy alloy surface tension is � 327.81 mN/
m, accounting for about 39.19%, which indicates that the proportion of dispersion component in the surface
tension of multi-component alloys is close to that of elemental (Hg). This work will provide theoretical
evidence for further development and application of low melting point high-entropy alloy.
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1. Introduction

Gallium-based liquid metals have become one of the most
popular emerging functional materials in recent years due to
their high electrical conductivity, high surface tension, safety,
non-toxicity and surface/interface properties that are easy to
manipulate (Ref 1). Its application value is mainly reflected in
the following two aspects. On the one hand, it is mainly used
for flexible intelligent equipment, self-healing circuits, medical
targeting materials with tensile deformation under electric field
regulation (Ref 2-4). On the other hand, the wettability between
the metal and the substrate is improved mainly using surface
oxides, to achieve 3D printing, printing pressure plasticity,
direct writing, preparation of two-dimensional thin film mate-
rials, etc. (Ref 5-8). Meanwhile, multi-component high-entropy
alloys have unique properties such as typical creep resistance
and sluggish diffusion effect, which complement the develop-
ment of low-melting-point high-entropy alloys (such as
SnBiInZn-based high-entropy alloys with melting points at
80 �C) as low-temperature solders (melting points around
100 �C), and provide important insights into their application to

advanced electronic packaging (Ref 9-12). The application of
such low melting point alloys and even alloys that are liquid at
room temperature is based on a deep understanding of their
surface/interfacial properties. Surface/interface tension is a
fundamental physical property of liquid materials and its
magnitude determines the conduct of many production pro-
cesses, such as joining, electronic packaging, and forming.
Understanding surface tension and its effect on interfaces is
useful in a variety of applications, from joining dissimilar
materials to the design of microfluidic devices. In addition,
researchers can use techniques such as interfacial tension
measurement to measure and study the surface tension of
various systems (Ref 13, 14). The core task of surface and
interfacial studies is the measurement of surface/interfacial
tension (Ref 15).

Due to the high reactivity of gallium-based liquid metals, it
is challenging to measure their surface tension accurately. Only
a few methods are currently available for surface tension
measurements on liquid metals, such as the sessile drop
method, the pendant-drop method, the maximum bubble
pressure method, the Wilhelmy method and the electromagnetic
levitation oscillation method (Ref 16-20). The sessile drop
method is the simplest technique to use for measuring metals.
However, implementing the conventional method is not without
its challenges. The metal to be measured is placed on the
substrate surface and heated, but it�s challenging to remove the
oxide film from the original metal surface. Even with computer-
aided extraction of the droplet profile, it remains difficult. On
the other side, a source of contamination by contact with the
substrate material will be introduced, inevitably. Similarly, the
Wilhelmy method also faces challenges. The test rod or ring
must not react with the liquid metal for this method to work. As
a result, it is impossible to obtain direct information about the
meniscus profile from the optical system. The disadvantage of
the maximum bubble pressure method is that the interfacial
tension between two liquid media cannot be measured directly.
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The electromagnetic levitation method can measure the surface
tension of the droplet under supercooling conditions. Although
it can also avoid the impurities brought in by the droplet
contacting the substrate and container, it is more difficult to
achieve due to the rigorous experimental conditions and
relatively large experimental errors. Sobczak et al. (Ref 21)
proposed a new experimental study method of carrying out the
sessile drop method and pendant-drop method simultaneously,
and found that the surface tension measurements of highly
reactive and oxidizable alloys obtained by this method had a
good agreement. To sum up, the choice of the pendant-drop
method, which squeezes the liquid metal during the droplet
formation process to remove the original oxide film from the
surface through narrow channels, combined with atmosphere
control, offers the possibility to acquire the intrinsic value of
surface tension.

Nevertheless, the experimental measurement of surface
tension of gallium-based liquid metals still faces many
challenges and is always subjects with many sources of errors.
The measurement difficulties arise mainly from the obstruction
of the original oxide film removal of gallium-based liquid
metals and the extremely fast oxidation rate of the fresh metal
surface. This solid oxide layer will induce high yield stresses
while reducing the surface tension of the metal (Ref 1). In order
to avoid this situation, surface tension measurements of
gallium-based liquid metals are often performed under con-
trolled atmospheres, such as high vacuum (ultra-high vacuum),
inert atmospheres (argon or helium), or even reducing atmo-
spheres (hydrogen, hydrochloric acid vapor), which makes the
implementation of surface tension measurements extremely
inconvenient (Ref 22-24). However, only a few studies have
been conducted on the measurement of surface tension of liquid
metals by the pendant-drop method under air atmosphere,
especially whether the metal oxide film can be removed by
physical means before measurement, and then formed the
pendant-drop quickly for procuring the acceptable values of
surface tension.

In this work, we present the characteristics of the apparent
value of surface tension of liquid metals under the interference
of oxide film. Further, the surface tensions of pure Ga, E-GaIn,
Galinstan, and the GaInSnBiZn high-entropy alloy were
systematically investigated by selecting needles of different
diameters. To remove oxide film from the surface of liquid
metals through mechanical compression, we designed a small
extrusion hole within the needle. Using this approach, we
conducted experiments to measure the surface tension of liquid
metals. The experiments were carried out in both air and
hydrogen atmospheres to determine the feasibility of this
method. Finally, the dispersive contribution of GaInSnBiZn
high-entropy alloy was determined by measuring the interfacial
tension of liquid metal in organic solvent according to Fowkes�s
two-component method (Ref 25). The results of this work are
expected to enhance the potential applications of liquid metals
in chip, thermal management devices and printed circuits.

2. Experimental

The metals used in the experiments were provided by
Dongguan Dingguan Metal Technology Co., LTD. The alloys
were produced by melting raw materials of analytical purity
grade (purity > 99.999%), E-GaIn (85.8 at.% Ga, 14.2 at.%

In), Galinstan (77.2 at.%Ga, In, and 8.4 at.% Sn), and
GaInSnBiZn (isoatomic ratio components) high-entropy alloys.
The physical properties of these metals are shown in Table 1.
The organic solvents used, the density, the surface tension and
the components of surface tension, are shown in Table 2.

The surface tensions of Ga, E-GaIn and Galinstan alloys at
33 �C, GaInSnBiZn HEA at 70 �C, and their interfacial
tensions in organic solvents were measured using an optical
contact angle and interfacial tension measurement system
(OSA60, NBSI, China) based on the standard pendant-drop
method. During the surface tension measurements, the droplets
were formed rapidly (� 0.1 s per droplet) by an autosampler.
To analyze the surface/interfacial tensions of liquid droplets, we
utilized the Young–Laplace equation. Specifically, we recorded
droplet formation using a frame rate of 63 fps and then used the
Surface Meter software to fit the droplet profiles in the video.
By doing this, we were able to accurately calculate the surface
and interfacial tensions of the liquid droplets. In order to
investigate the effect of mechanical squeezing of liquid metal
with different diameter needles to remove the surface oxide film
and further analyze the influence on surface tension measure-
ments, the stainless-steel needles with 0.46 mm outer diameter
(O.D.) (0.24 mm inner diameter (I.D.)), 1.806 mm O.D.
(1.36 mm I.D.), 3.996 mm O.D. (3.50 mm I.D.) with a 1 mm
extrusion hole were used in the experiments. In order to
compare the impact of oxide film and surfactants on surface
tension measurements, we utilized water droplets covered with
PDMS. This approach was used to simulate the conditions
experienced by liquid metals that are covered with oxide film.
By using this method, we were able to examine the effects of
these variables on surface tension measurements in a controlled
environment. Their rheological properties were measured by
introducing a sinusoidal oscillation mode. To investigate the
effect of different atmospheres (air, hydrogen) on the measure-
ment results, the formation of pendant-drops was carried out in
a sealed quartz cuvette injected with the corresponding gas,
where the purity of hydrogen was � 99.99% (O2 < 2 ppm).
The variation of the ellipsometry angle before and after the
formation of the oxide film of E-GaIn alloy was measured using
a laser ellipsometer (SE 400adv PV, SENTECH, Germany).
The kinetics of the oxide film formation was deduced from this,
with a data acquisition frequency of 2 Hz.

3. Results and Discussion

The surface tension of E-GaIn alloy was tested under
atmosphere using a stainless-steel needle with an outer diameter
of 0.46 mm, as shown in Fig. 1. Despite using liquid E-GaIn
alloy and entering it through the narrow channel during the
continuous formation of pendant-drops, we were unable to
obtain stable surface tensions. Despite our efforts, we were not
able to achieve the desired results using this method. Surface
tensions close to � 590-650 mN/m were obtained only at the
instant of separation of the pendant-drop from the needle, as
shown in Fig. 1(a). The surface tension shows a dependence on
the volume, as shown in Fig. 1(b). It seems that the larger the
droplet volume is, the closer surface tension is to the intrinsic
value. There are at least two possible factors that could
contribute to the inaccuracy of droplet surface tension mea-
surements: 1. the droplet size was not sufficient to form a shape
conducive to measurement; 2. the rapid formation of surface
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oxide film, which makes the actual measured surface tension is
the apparent value under the oxide film coverage. In the first
case, since the surface tension of liquid metals is typically

greater than 500 mN/m, which requires that the shape of the
formed droplet deviate as much as possible from a perfect
sphere, and at the same time requires a larger droplet mass (or

Table 1 Melting points and densities of Ga, E-GaIn, Galinstan, GaInSnBiZn used in the experiments

Parameter Ga (Ref 26) E-GaIn (Ref 26) Galinstan (Ref 26) GaInSnBiZn (Ref 27)

Melting point, �C 29.8 15.5 � 19.0 62.0
Density, g/cm3 6.078 at 33 �C 6.279 at 33 �C 6.438 at 33 �C 6.841 at 70 �C

Table 2 Density at the experimental temperature and standard surface tension of the organic solvents used in the
experiments and the components

Solvent Density*, g/cm3 Surface tension, mN/m Disp., mN/m Polar, mN/m

Water 0.9776 72.80 29.10 43.70
Ethylene glycol 1.0775 48.00 29.00 19.00
Glycerol 1.2318 63.40 37.00 26.40
n-Butanol 0.7698 19.95 18.03 1.91
1,4-Dioxane 0.9767 33.00 33.00 0.00
*Density at 70 �C

Fig. 1 Surface tension of E-GaIn measured during rapid droplet formation using a 0.46 mm O.D. needle: (a) surface tension and volume versus
time; (b) surface tension versus volume
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volume) to achieve accurate measurements (Ref 28). As for the
latter, the liquid metal surface behaves viscoelastic once an
oxide film is formed. Just as Xu et al. (Ref 29) argued that the
measured surface tension should be surface stress after the
oxide film has formed on the surface of E-GaIn alloy. It�s
possible that the viscous properties of the E-GaIn alloy deviated
from the typical Newtonian fluid characteristics of liquid
metals. This deviation could potentially contribute to the
inaccuracy of our droplet surface tension measurements.

Typically, the surface tension of oxide film is lower than that
of the metal it covers. Especially for E-GaIn alloy, the surface
tension of the oxide film (Ga2O3, Ga2O) formed on E-GaIn
surface is only 350-365 mN/m (� 337.0 mN/m at 2228 K for
Ga2O3) (Ref 30, 31). Since the oxide film may reduce the

apparent surface tension in the form of surfactant, poly-
dimethylsiloxane (PDMS) was used to cover the water surface
to simulate this characteristic (surface tension and viscosity of
PDMS were 19 mN/m, 200 mPa.s, respectively). In the first
step of the experiment, we adhered approximately 2 ll of
PDMS under a 0.8 mm O.D. needle. We then utilized a syringe
feed system to inject water (which has a surface tension of
72.8 mN/m) into the PDMS in a sinusoidal pattern with step-
backs, as depicted in Fig. 2(a). The obtained apparent surface
tension, shown in Fig. 2(b), which also exhibit a strong
dependence on volume, as shown in Fig. 2(c). This phe-
nomenon confirms the inference that the oxide film may act as a
surfactant to reduce the surface tension. It�s important to note
that the high viscosity of PDMS can result in the droplet

Fig. 2 Surface tension after water injection inside PDMS tested using a 0.8 mm O.D. needle: (a) graph of periodic reciprocal variation of the
volume of pendant-drop; (b) surface tension and volume versus time; (c) surface tension versus volume
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exhibiting significant viscoelastic properties that should not be
overlooked. The Fourier transform of the real time variation
data of the droplet area or surface tension gives the surface
expansion modulus (G) of 63.584 mN/m and the modulus
angle (/) of 0.5265�. It can be deduced that the surface elastic
modulus (G¢ = Gcos/) is 63.546 mN/m and the surface loss
modulus (G¢¢ = Gsin/) is only 0.584 mN/m. G¢ > > G¢¢,
which indicates that the surface properties of the fluid are closer
to the solid state than the liquid state. When the same method is
applied to measure the viscoelasticity of E-GaIn droplets
wrapped with oxide film, the droplets can only expand in one
direction but not retract on account of both the low shear
between the oxide film and the inner E-GaIn alloy and the
incompressible nature of the oxide film (Ref 32). Put simply,
when the droplet is extracted in a sinusoidal stepwise manner to
reduce the volume, the droplet shape shows an asymmetric
characteristic just like the liquid metal reducing its volume in a
dense solid-phase slag shell. Therefore, the apparent surface
tension at the droplet volume retraction stage cannot be
accurately measured, and hence the corresponding modulus
value cannot be calculated.

Because the oxide film on the surface of the E-GaIn alloy
has strong adhesion, we first adhered it to the sapphire substrate
before subsequently scraping it off. The variation of the

ellipsometry angle was measured in situ using a laser ellip-
someter. The kinetic process of the oxide film formation was
thus obtained in parallel, as shown in Fig. 3(a). According to
the thermodynamic calculations, the oxygen partial pressure to
prevent the formation of Ga oxide film at room temperature
should be lower than � 10�45 Pa (Ref 33). Almost no existing
equipment can achieve such low oxygen partial pressure,
indicating that the form of oxide film on the alloys surface
seems inevitable, which embodies the high reactivity of the
liquid metals. The adsorption of oxygen atom on the surface of
liquid metal can be completed within 0.02 s (Ref 34).
Nonetheless, due to the self-limiting thickening properties of
the oxide film, the thickening process of the oxide film on the
liquid metal exposed to air occurs very gradually, resulting in
an average thickness of around 25 nm, as depicted in Fig. 3(a).
When wrapped with oxide film, the pendant-drops exhibit low
elasticity and great shear modulus (Ref 30). In most cases, the
measured apparent surface tensions are affected by this, and the
strong dependence of it on volume should actually be
characterized by a linear relationship between surface tension
and the maximum diameter of the pendant-droplet after oxide
film generation (Ref 35).

capp �
s0
4
l þ c0 ðEq 1Þ

Fig. 3 (a) Kinetic process of oxide film formation of E-GaIn alloy (b) Variation of apparent surface tension of E-GaIn alloy with the maximum
diameter of droplets
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where capp is the apparent surface tension, s0 is the yield stress, l
is the maximum diameter of the pendant-drop, and c0 is the
intrinsic surface tension of the alloy in the absence of oxide film
action. The yield stress s0 is only a surface effect of the oxide
layer, not an intrinsic property. As an inherent property of the
alloy droplet, c0 is a fixed value. The apparent surface tension
(capp) obtained by the pendant-drop method is proportional to l,
as shown in Fig. 3(b). However, the intercept obtained from the
linear fit in Fig. 3(b) is not c0, which may be related to the
diameter of the needle used in the test.

As previously mentioned, due to the high surface tension of
liquid metals (> 500 mN/m, typically), which requires the use
of larger O.D. needles to obtain sufficiently large droplet in
order to ensure measurement accuracy. The Worthington
number (Wo) can serve as an indicator to describe the
measurement accuracy. Surface/interfacial tension values with
good reproducibility can only be obtained when the Worthing-
ton number (Wo) is above 0.4 (Ref 36).

According to the Worthington number expression:

Wo ¼ DqgVd

pcDn
ðEq 2Þ

where Dq is the density difference between the test droplet and
its surroundings, g is the acceleration due to gravity, Vd is the
volume of the droplet, c is the interfacial tension, and Dn is the
diameter of the needle. To achieve a Worthington number (Wo)
above 0.4, a drop volume of at least � 5.6 ll is required when
using a 0.46 mm O.D. needle. However, Fig. 1(b) demonstrates
that even without the oxide film effect, stable and accurate
surface tension values cannot be obtained with this needle. If a
typical surface tension value of 550 mN/m is assumed, then
using a needle with 1.806 mm O.D., experiment results with
good reproducibility can only be achieved if the droplet volume
is at least � 25.3 ll. Figure 4(a) shows that a linear fit of the
pure Ga surface tension data measured above 25 ll (above
62.5% of the maximum volume) yields a surface tension value
of � 717.2 mN/m at 33 �C, consistent with the data reported in
the handbook (Ref 28). It is noteworthy that the values of the
surface tension measured under hydrogen atmosphere are
comparable to those under air atmosphere. Furthermore, the
surface tensions of E-GaIn alloy and Galinstan alloy under air

and hydrogen atmospheres at 33 �C were compared and tested,
as shown in Fig. 4(b) and (c). Both the results showed good
consistency. The surface tension of the two is � 622.8
and � 548.8 mN/m, respectively, which is matching to the
values reported in the literature (Ref 36, 37). Indicating that the
rapidly formed pendant-drops after mechanical extrusion can
obtain a fresh surface and then procure a surface tension close
to the intrinsic value (Ref 35, 36). To ensure Wo > 0.4, a
droplet volume greater than or equal to 50 ll is required when
using the 3.996 mm O.D. needle to test surface tension, as
depicted in Fig. 4(b). The stable surface tensions were obtained
for droplets with more than 50% of the maximum volume.
However, the choice of a 3.996 mm O.D. needle for testing
inevitably leads to a decline of the squeezing effect on the
liquid metal, which deteriorates the oxide film removal effect.
Therefore, a dropping device with a 1 mm embedded extrusion
hole was designed, as shown in Fig. 4(e). The measured surface
tension of E-GaIn alloy by this device has good stability and
small error, which matches the experimental requirements for
accuracy, as shown in Fig. 4(c). The surface tension of
GaInSnBiZn was measured at 70 �C using a dropping device
in combination with external tube heating, within a constant
temperature chamber, as shown in Fig. 4(d), which is � 545.7
mN/m.

The main contribution to the surface tension of the liquid
metal should be attributed to the chemical bonding within the
metal, i.e., metallic bonding. Fowkes took Hg as the research
object and proposed that the two main contributions to the
surface tension of liquid metals are the London dispersive
contribution (cdLM) and the contribution due to metallic bond
(cmLM) (Ref 25, 38):

cLM ¼ cdLM þ cmLM ðEq 3Þ

The surface tension of Hg at 20 �C is 484 mN/m, of which
the dispersive contribution is 200 ± 7 mN/m (about 41.3%)
(Ref 25). Gaining insight into the universality of surface tension
components of liquid metals is challenging due to the limited
number of metals that exist in a liquid state at or near room
temperature. This is especially true for multi-component high-
entropy alloys, which have rarely been reported on. Wang et al.
(Ref 36) derived that cdLM = 239.7 ± 9.1 mN/m by measuring

Fig. 4 Surface tension of metal droplets with different needles and under different atmospheres: (a) pure Ga; (b) E-GaIn; (c) Galinstan; (d)
GaInSnBiZn high-entropy alloy; (e) squeeze droplet device with embedded extrusion hole (physical and internal structure drawings)
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Fig. 5 Interfacial tension of GaInSnBiZn high-entropy alloy in various solvents varied with time and with volume
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the interfacial tension of Galinstan alloys in typical nonpolar
organic solvents (n-hexane, benzene, and o-xylene)
(� 533 mN/m in their work for � 39.6% of the surface tension
of Galinstan alloys).

The components of the GaInSnBiZn high-entropy alloy
studied in this work are more complex than those of the
Galinstan alloy. As a result, the proportion of the dispersive
contribution in the surface tension is less understood. There-
fore, the above embedded pore dropping device was used to
measure its interfacial tension in water, ethylene glycol,
glycerol, n-butanol and 1,4-dioxane (pure dispersive contribu-
tion to the surface tension in the liquid phase, as shown in
Table 2, without the polar contribution in the surface tension) at
70 �C. During successive droplet formation, the initially
formed droplets did not acquire stable values of interfacial
tension, but instead showed a dependence on volume, as shown
in Fig. 5. According to the Worthington number, the condition
of Wo > 0.4 is satisfied when the volume of the pendant-drop
is above � 28.5 ll. This dependence of the interfacial tension
on the volume may be attributed to the introduction of the
initial oxide film, and thus the average values of the interfacial
tension corresponding to the volume interval when the drop is
in the steady state is taken as the stable value, such as 30-35 ll
in 1, 4-dioxane, 55-65 ll in n-butanol, 30-35 ll in the fourth
droplet of ethylene glycol, 30-35 ll in the third droplet of
glycerol, 45-50 ll in the fourth droplet of water, as shown in
Table 3. Good and Girifalco (Ref 39) and Fowkes (Ref 38)
concluded that when only dispersion interaction forces are
present, the interfacial tension between the two condensed
phases can be expressed as:

cLM=solvent ¼ cLM þ csolvent � 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cdLMc
d
solvent

q

ðEq 4Þ

If the intermolecular attraction at the alcohol-mercury
interface is solely due to the London dispersion force, Fowkes�s
formula is appropriate. However, if one of the molecules has a
permanent dipole, such as in the case of the alcohol-mercury
interface, other forces are at play besides the dispersion force.
In such a system, the permanent dipole contribution of the
alcohol must also be considered. As a result, Matsumo
modified the equation for the alcohol-mercury system to
account for this additional contribution (Ref 40). Considering
that the liquid phase in the test environment contains polar
components, then Eq (4) would be rewritten as:

cLM=solvent ¼ cLM þ csolvent � 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cdLMc
d
solvent

q

� 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cdLMc
pd
solvent

q

ðEq 5Þ

where the cpdsolvent is the permanent dipole contribution to the
surface energy of alcohol. However, when the interfacial
tension value of GaInSnBiZn high-entropy alloy in 1,4-dioxane
is substituted into the formula, the dispersion component of the
surface tension is derived as 570.84 mN/m. Even if n-butanol is
approximated as a condensed phase with pure dispersion
component, the calculated dispersion component of surface
tension in GaInSnBiZn high-entropy alloy is still as high as
643.12 mN/m. Based on the measured interfacial tension
values in these two organic solvents, the calculated dispersion
component clearly exceeds the surface tension of the
GaInSnBiZn high-entropy alloy, which is not a characteristic
surface property of the high-entropy alloy. From Fig. 5(a), (a-
1), (b) and (b-1), it is easy to see that the interfacial tension
hardly converges to a stable value actually and there is a weak
dependence on the volume. This situation suggests that the
formation of the interfacial region may not be biphasic, but
rather a combination of ambient liquid phase/oxide film/liquid
phase metal. To the best of our knowledge, the surface tension
component of Ga2O3 or Ga2O has not been reported in the
literature. If we assume that the surface/interfacial tension only
depends on several layers of atoms or molecules in the surface/
interfacial layer, replacing cLM in Eq (4) with the surface
tension of the oxide film (350-365 mN/m as described above),
we can obtain the dispersion component of the oxide as 47.04-
86.60 mN/m and accounting for about 13.44-23.73%. These
values are comparable to the proportion of dispersion compo-
nents in the oxides of aluminum. Al and gallium Ga belong to
the same group in the periodic table. For Al2O3, the dispersion
component is approximately 75.5 mN/m, accounting for
roughly 13% of the total surface tension of approximately
580 mN/m (Ref 41). Analyzing pure grade water, ethylene
glycol and glycerol, it is worth noting that the oxygen content
in pure water is much lower than that of 1,4-dioxane and n-
butanol (only 10�5) (Ref 42). It takes some time to form a
complete oxide film even if the conditions for oxide film
formation are met, and thus it is expected to establish a pure
interface between liquid high-entropy alloy and solvents after
removing the original oxide film by rapid mechanical extrusion
within the test environment. Using Eq (5), the interfacial
tensions of GaInSnBiZn high-entropy alloy in water, ethylene
glycol, and glycerol are inputted to determine the components
of surface tension, as shown in Table 3. The dispersion
component of the GaInSnBiZn high-entropy alloy is approx-
imately 327.81 mN/m, constituting roughly 39.19% of the total
surface tension. This is close to the results of Wang et al.
(39.6%) and Fowkes�s (41.3%) work.

4. Conclusions

In this study, we utilized the pendant-drop method to
measure the surface/interfacial tension of pure Ga, E-GaIn,
Galinstan, and the GaInSnBiZn high-entropy alloy. Based on
our findings, we have reached the following conclusions:

Table 3 Interfacial tension of GaInSnBiZn high-entropy
alloy in the used organic solvents and the surface tension
components

Solvent
cLM/solvent,
mN/m

cdLM,
mN/m

cmLM,
mN/m

cdLM/(cdLM +
cmLM)%

Water 302.70 173.00 372.70 31.70
Ethylene

glycol
275.45 284.02 266.89 48.87

Glycerol 290.27 201.85 343.85 36.99
n-Butanol 280.20 643.12 … …
1,4-Diox-

ane
304.20 570.84 … …
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(1) When the surface tension of gallium-based liquid metals
shows a significant volume dependence, there are at
least two reasons for this phenomenon. From one side,
it is due to the viscoelasticity exhibited by the oxide
film covering the surface of the metallic droplet. On the
other side, the volume of the pendant-droplet does not
reach the critical value to ensure the accuracy of the
measurement.

(2) The rapid formation of the droplet after the oxide film
removal by mechanical squeezing, while ensuring the
droplet volume above the critical value mentioned.
Nearly consistent results were obtained under air and
hydrogen atmospheres, with surface tensions of
717.2, � 622.8, � 548.8, and � 545.7 mN/m for Ga,
E-GaIn, Galinstan, and GaInSnBiZn alloys, respectively.

(3) The dispersion component of the surface tension of the
GaInSnBiZn high-entropy alloy is � 327.81 mN/m,
accounting for about 39.19%. When the oxygen content
in the solvent is high, the differentiation of the interfa-
cial region (i.e., solvent/oxide film/liquid metal inter-
face) should be considered.
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