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As an emerging alloy material, high-entropy alloy has potential applications 
that distinguish it from traditional alloys due to its special physicochemical 
properties. In this work, a low melting point GaInSnBiZn high-entropy 
alloy was designed based on Miedema model, and its surface tension was 
measured by the continuous pendant-drop method. The results show that 
the intrinsic surface tension of GaInSnBiZn high-entropy alloy at 80 °C 
is 545±5 mN/m, and the surface tension of the liquid alloy is significantly 
reduced by the formation of surface oxide film. The surface tension of 
GaInSnBiZn high-entropy alloy was analyzed by using theoretical models 
(Guggenheim model, GSM (general solution) model and Butler model), and 
the thermodynamic characteristics of the surface tension formation were 
further verified by combining with thermodynamic calculations, among 
which the calculated results of Butler model were in good agreement with 
the experimental data. Meanwhile, it is found that the surface concentration 
of Bi in the alloy is much larger than the nominal concentration of its 
bulk phase, which contributes the most to the surface tension of the alloy, 
however, it contributes the least to the entropy of the alloy formation in 
combination with the Butler model.
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1. Introduction

Surface tension is a fundamental physical property of 
liquid materials and its magnitude determines the conduct 
of many production processes, such as joining, electronic 
packaging, and forming [1,2]. On the other hand, high-
entropy alloys, as an emerging multi-component alloy 
material, have shown impressive potential applications 
with their unique physicochemical properties under 

extreme conditions [3-6]. Therefore, mastering the surface/
interfacial properties of liquid high-entropy alloys is 
of great research importance to expand their further 
applications.

For the measurement of surface tension of liquid metals, 
it mainly involves the general means such as the sessile-
drop method, the pendant-drop method, the maximum 
bubble pressure method, and the droplet oscillation method. 
Each method has its own advantages and disadvantages, for 
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example, the sessile-drop and pendant-drop methods require 
a smaller amount of liquid compared to the maximum bubble 
pressure method, and the droplet oscillation method requires 
magnetic levitation or microgravity conditions and is much 
less accurate than the sessile-drop and pendant-drop methods 
[7-9]. In the case of liquid metals, the oxidizable nature of the 
surface (except for inert noble metals) can easily lead to small 
apparent values or even to surface tension values without 
any physical significance, regardless of the method used. 
For this reason, in most cases, surface tension measurements 
on liquid metals are generally performed under controlled 
atmospheres, such as high vacuum (ultra-high vacuum), 
inert atmospheres (argon or helium), or even reducing 
atmospheres (hydrogen), which makes the implementation 
of surface tension measurements extremely inconvenient. 
Once the oxide film is formed on the liquid metal surface, 
a fresh liquid metal surface can be obtained by forming a 
pendant drop by mechanical extrusion, which allows the 
original liquid metal surface oxide film to be removed. Since 
the formation of the oxide film on the liquid metal surface 
takes a certain amount of time, even at the fastest it takes 
at least 0.02 seconds [10]. The formation of hanging drops 
by continuous extrusion of the liquid metal and its capture 
using a high-speed camera makes it a possibility to measure 
the surface tension of liquid metals under the atmosphere. 
It is well known that the mixing Gibbs free energy (Gmix= 
Hmix−TSmix) of high entropy alloys (HEA) is mainly derived 
from the contribution of mixing entropy to the formation 
of the alloy, so the mixing enthalpy of the alloy is as close 
to zero or positive as possible, and the more complex 
the component, the higher the entropy value (Smix=RlnN, 
where R is the gas constant and N is the number of alloy 
components). Meanwhile, the multi-component composition 
of high-entropy alloys poses difficulties for the theoretical 
prediction of surface tension, and the typical surface tension 
characteristics of high-entropy alloys cannot be reliably 
related to thermodynamic parameters.

In this work, a low melting point GaInSnBiZn high 
entropy alloy is designed based on the Miedema model. 
As a new low melting point liquid metal, it is expected 
to have potential applications in chip and thermal 
management devices and liquid metal printed circuits 
through the characterization of its thermal properties and 
the study of field phenomena and effects.

2. Alloy Design and Preparation

The mixing enthalpies of the binary alloys based on 
the Miedema model, as shown in Table 1, are positive 
except for the In-Sn and In-Bi binary systems, and both 
In-Sn and In-Bi mixing enthalpies are close to positive 
values. the binary phase diagram of In-Sn indicates the 

presence of solid solution without intermetallic compound 
formation; the binary phase diagram of the In-Bi system 
indicates the possible presence of both BiIn, Bi3In5 and 
BiIn2 intermetallic compounds with melting points of 
110 °C, 88.9 °C and 89.5 °C, respectively, where BiIn2 
has a mutual transformation with the solid solution of In 
containing Bi at 49 °C [11]. From the enthalpy of formation 
of ternary alloys, there is no ternary compound for alloy 
formation. Therefore, the GaInSnBiZn alloy mixed in 
equal proportions satisfies the thermodynamic conditions 
for the formation of a high entropy alloy.

The GaInSnBiZn high-entropy alloy was obtained 
from pure metal sheets with purity of Ga ≥ 99.999%, Bi ≥ 
99.999%, In ≥ 99.999%, Sn ≥ 99.99%, and Zn ≥ 99.99%, 
respectively, which were cut and placed in corundum crucible 
and heated to 425 °C under high vacuum (10−3 Pa) for half an 
hour, and then cooled rapidly. The GaInSnBiZn high-entropy 
alloy was further characterized by metallographic analysis 
(Keyence, VHX-900, Japan) to determine the microstructural 
characteristics and simultaneous thermal analysis (Netzsch, 
STA 449, Germany) to determine the melting point and 
possible phase transitions. The kinetic process of oxide 
film generation on liquid metal surfaces was characterized 
by laser (wavelength 632.8 nm) ellipsometry (Sentech, SE 
400adv-PV, Germany).

Table 1. Mixing enthalpy and formation enthalpy of 
alloys in binary and ternary systems

Binary systems ΔH mix        i 
in j or j in i , kJ/mol

Ga-In 10.177, 11.983

Ga-Sn 3.239, 4.035

Ga-Bi 14.342, 20.011

Ga-Zn 0.064, 0.054

In-Zn 14.193, 10.117

In-Sn −1.415, −1.488

In-Bi −4.738, −5.582

Sn-Bi 4.808, 5.384

Sn-Zn 5.272, 3.578

Bi-Zn 22.764, 13.796

Ternary systems ΔH f, kJ/mol

Ga-In-Sn 2.077

Ga-In-Bi 3.484

Ga-In-Zn 3.944

Ga-Sn-Bi 4.169

Ga-Sn-Zn 1.359

Ga-Bi-Zn 5.980

In-Sn-Bi 0.229

In-Sn-Zn 2.198

In-Bi-Zn 3.444

Sn-Bi-Zn 4.238
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The GaInSnBiZn alloy after melting was ramped up 
to 180 °C at 5 °C/min for simultaneous thermal analysis. 
As shown in Figure 1a, an endothermic peak appeared 
at 49.6 °C, which according to the phase diagram 
corresponds to the temperature point at which the phase 
transition between BiIn2 and In solid solution with Bi; an 
obvious endothermic peak appeared at 62.4 °C, which 
corresponds to the melting point of the alloy. The typical 
metallographic microstructures are shown in Figure 1b, 
with a relatively homogeneous microstructures and no 
segregation generation. The XRD pattern of the alloy 
after solidification (shown in Figure 1c), no obvious solid 
solution or intermetallic compounds could be identified 
after the formation of the alloy.

Figure 2. Variation of oxide film thickening with time of 
GaInSnBiZn high-entropy alloy

When the GaInSnBiZn alloy was melted at a constant 
temperature platform (constant temperature of 80 °C), the 
oxide film was scraped off with a ceramic sheet and the laser 
ellipsometer was applied, setting the laser incidence angle 
to 75°, and the complex refractive index and absorption 
coefficient were measured as 1.0422 and 6.4159, respectively. 
After being exposed to atmosphere for 5 min, the measured 
complex refractive index and absorption coefficient were 
1.2644 and 6.1039, respectively. Based on this, after repeated 
in-situ measurements, the variations of oxide film thickening 
were obtained, is shown in Figure 2. The oxide film can be 
completely covered in about 2 s. Subsequently, the oxide 
film thickening shows a slow growth in logarithmic form 

with thickness variation between 20-30 nm, and even after 
24 h, the oxide film thickness on the liquid metal surface is 
still about 40 nm, reflecting the good passivation effect of 
the oxide film. Based on the above results, the application 
of high-speed continuous extrusion to form hanging drops 
(at a rate of about 20 ms/drop), even under atmospheric 
atmosphere, is sufficient to obtain a clean, oxide film-free 
surface for measuring the intrinsic surface tension of liquid 
metals.

3. Surface Tension Measurement

The reliability of this method of measurement was first 
verified by recording continuous droplet squeeze drops 
by high-speed camera. The eutectic Ga-In alloy (E-GaIn, 
eutectic point of 16 °C, density 6.280 g/cm3) was used for 
the study, and the outer diameter of the drop tube used 
was 0.46 mm. as shown in Figure 3a, the Young-Laplace 
curve matched well with the shape of the droplet profile, 
and the surface tension obtained was 623.1 mN/m (where 
the measurement error was (1.79-2.23) × 10−3 mN/m), 
which is in agreement with the literature [12]. E-GaIn alloys 
are oxidation-sensitive metals, and once a Ga2O3 oxide 
film is formed on the surface, it decreases the apparent 
surface tension of the droplet. As shown in Figure 3b, 
after the formation of static pendant-drop exposed to the 
atmosphere, the surface tension of the droplet surface 
subjected to the oxidation gradually decreases and shows 
an exponential decay form, which is obviously closely 
related to the oxygen concentration of the droplet surface, 
i.e., the surface tension gradually decreases with the 
increase of surface oxygen concentration.

According to the melting point of GaInSnBiZn alloy, 
a simultaneous heater was designed, and assembled for 
the drop tube and the sample stage, as shown in Figure 4. 
Under the condition of maintaining a constant temperature 
of 80 °C, the volume of the droplet was measured by the 
sessile-drop method, and the mass of the sessile-drop 
was obtained in combination with an analytical balance 

Figure 1. Physicochemical properties and microstructures of GaInSnBiZn high-entropy alloy 
(a) DCS results; (b)Typical microstructures; (c) XRD spectrum
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(accuracy of 0.0001 g), and the density of the liquid 
GaInSnBiZn alloy was calculated to be 6.8413-6.8416 g/cm3.  
The surface tension of GaInSnBiZn alloy was also 
determined by the continuous pendant-drop method, 
which was 545±5 mN/m, as shown in Figure 5a. When the 
droplets were exposed to atmosphere for a few seconds, 

the droplet profile shape changed significantly, as shown in 
Figure 5b, and the surface tension decreased significantly 
to 252±20 mN/m. In the order of oxidizability of the alloy 
composition Zn>Ga>In>Sn>Bi, it is possible that the 
decrease in surface tension after oxidation is related to the 
formation of ZnO and Ga2O3.

Figure 3. (a) Surface tension of E-GaIn alloy measured at 0.46 mm outside diameter of the drop tube; (b) Variation of 
surface tension with exposure time of liquid E-GaIn alloy

Figure 4. Surface tension measurement device after the introduction of heating and temperature control system

Figure 5. Surface tension of GaInSnBiZn alloy measured at 0.8 mm outside diameter of the drop tube.
(a) instantaneous snap of pendant-drop; (b) pendant-drop after exposure air for several seconds
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4. Surface Tension Analysis of Multi-component 
Alloys

For an ideal solution, the surface tension can be 
expressed as,

σi=xGaσGa+xInσIn+xSnσSn+xBiσBi+xZnσZn (1)
Where σi is the surface tension under ideal solution 

conditions, and xi is the molar fraction of each component. Since 
the equal atomic proportions are mixed as shown in Table 2, σi 
= 597.8 mN/m under ideal solution conditions, density ρi is 7.341 
g/cm3, and molar mass Mi is 115.522 g/mol.

Based on the assumption of high entropy alloy 
formation, all atoms are randomly distributed under ideal 
conditions, i.e., the solution formed is an ideal solution. 
Obviously, the measured data of surface tension and 
density indicate that the liquid GaInSnBiZn alloy is not 
an ideal solution, and the existence of local clusters or 
segregation within the liquid phase makes the apparent 
value of surface tension deviate from the ideal solution 
model.

Table 2. Surface tension (σi), density (ρ), molar mass (Mi) 
and molar area (Ωi) of pure metal at melting point

Ga* In Sn Bi Zn

σ 0 
i , mN/m 713 556 560 378 782

ρi, g/cm3 6.07 7.03 6.98 10.05 6.575

Mi, g/mol 69.72 114.8 118.7 209.0 65.39

Ωi, m
2/mol 4.74×104 5.78×104 5.91×104 7.09×104 4.04×104

*Ga is the surface tension and density at 80 °C

Currently, most of the theoretical models for surface 
tension of multivariate (quaternary or even quintuplet) 
alloys are predicted based on binary alloy system models, 
such as the Guggenheim model [13], the GSM (universal 
solution) model [14] and the Butler model [15].

The Guggenheim model [13] is expressed as,

6

Figure 5. Surface tension of GaInSnBiZn alloy measured at 0.8 mm outside diameter of the drop
tube, (a) instantaneous snap of pendant-drop, (b) pendant-drop after exposure air for several

seconds
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i=xGaGa+xInIn+xSnSn+xBiBi+xZnZn (1)
Where i is the surface tension under ideal solution conditions, and xi is the molar fraction of

each component. Since the equal atomic proportions are mixed as shown in Table 2, i = 597.8
mN/m under ideal solution conditions, density i is 7.341 g/cm3, and molar mass Mi is 115.522
g/mol.

Based on the assumption of high entropy alloy formation, all atoms are randomly distributed
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surface tension and density indicate that the liquid GaInSnBiZn alloy is not an ideal solution, and
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 0
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Mi, g/mol 69.72 114.8 118.7 209.0 65.39
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*Ga is the surface tension and density at 80℃

Currently, most of the theoretical models for surface tension of multivariate (quaternary or even
quintuplet) alloys are predicted based on binary alloy system models, such as the Guggenheim
model [13], the GSM (universal solution) model [14] and the Butler model [15].

The Guggenheim model [13] is expressed as,�−(�Ω��) = �=55 �−(��Ω��� )� (2)

Where i is the molar area of a single component, can be calculated from i=fN1 / 3
a V2 / 3

i , where

 (2)

Where Ωi is the molar area of a single component, can 
be calculated from Ωi=fN1 /3 

a V 2 /3 
i , where f is a structure 

factor (equals 1.091), Na is Avogadro constant and Vi is the 
molar volume (Vi=Mi/ρi). Substituting the data in Table 2 
yields a surface tension of 440 mN/m, which is obviously 
far from the surface tension obtained from the actual 
measurement.

The Butler model [15] is expressed as,
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Table 3. Surface tension and excess surface tension of binary alloys mixed at 1:1 atomic ratio

Binary systems Ideal solution, mN/m Belton model, mN/m  E
i,j , mN/m

Ga-In 635 592 -43
Ga-Sn 637 595 -42
Ga-Bi 546 414 -132
Ga-Zn 748 739 -9
In-Zn 669 597 -72
In-Sn 558 558 0
In-Bi 467 409 -58
Sn-Bi 469 409 -60
Sn-Zn 671 600 -71
Bi-Zn 580 417 -163

The GSM model [14] can be expressed as,�� = �1�2�1�2 �1,2� + �1�3�1�3 �1,3� + �1�4�1�4 �1,4� + �1�5�1�5 �1,5� + �2�3�2�3 �2,3� + �2�4�2�4 �2,4� + �2�5�2�5 �2,5� + �3�4�3�4 �3,4� +
�3�5�3�5 �3,5� + �4�5�4�5 �4,5� (4)

Where E is the excess surface tension, i.e., the partial surface tension that deviates from the
ideal solution, E=i. xi is the concentration of element i in the five-element system, and Xi is the
concentration of element i in the binary system. Since the alloy is mixed with equal atomic ratio, xi

=0.2 and Xi =0.5, E =-104 mN/m can be obtained from the data in Table 3, and the surface tension
 predicted by the model is 493.8 mN/m, which again deviates from the measured value.

Nevertheless, the predictions of the above models indicate that the actual surface tension of
GaInSnBiZn should have a negative deviation with respect to the ideal solution, i.e., the actual
surface tension should be less than the surface tension obtained from the ideal solution model. Since
the alloy is mixed with equal atomic ratios, the surface tension of the alloy is 533 mN/m by taking
the average value of the surface obtained from the Belton model, so the Butler model (or Belton
model) is closer to the measured value.

In addition, according to the Butler model, the concentration of elements on the surface can be
expressed as,��� = ���exp �−�� Ω�−0.17∆������ (5)

In high entropy alloys, the free energy of alloy formation is mainly derived from the
contribution of entropy, so the excess free energy of the bulk phase in the above equation is
replaced by S E

i T. It can be concluded that the larger the contribution of each element to the excess

 (3)
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In high entropy alloys, the free energy of alloy 
formation is mainly derived from the contribution of 
entropy, so the excess free energy of the bulk phase in the 
above equation is replaced by ΔS E 

i T. It can be concluded 
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that the larger the contribution of each element to the 
excess entropy, the smaller its concentration at the surface 
and the smaller its contribution to the surface tension. The 
surface tension of the alloy is positive compared to the 
surface tension of the pure substance of each element, 
only the excess surface tension of the Bi element, where 
x s 

Ga + x s 
In + x s 

Sn + x s 
Bi + x s 

Zn =1. The surface concentration 
of all the elements except Bi is less than the nominal 
concentration of the bulk phase 0.2, which means that the 
surface concentration of Bi is much larger than the 
nominal concentration of the bulk phase (xs 

Bi >0.2), and 
thus the contribution of Bi to the entropy of alloy 
formation is minimal.

5. Conclusions

(1) The intrinsic surface tension of GaInSnBiZn high-
entropy alloy at 80 °C was determined by the continuous 
pendant-drop method as 545±5 mN/m. The surface 
tension of the alloy decreased significantly with the 
formation of the surface oxide film.

(2) The Guggenheim model, GSM model, and Butler 
model were applied to calculate the surface tension 
of GaInSnBiZn high-entropy alloy, among which the 
calculation results obtained from the Butler model are in 
good agreement with the experimental data. Combined 
with the Butler model, the surface concentration of Bi is 
much higher than the other components and contributes 
the most to the surface tension, however, it contributes the 
least to the entropy of alloy formation.
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