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Abstract
The Ga–Li system is very attractive for the development of microelectronic and Li-ion cell applications as negative elec-
trodes. In this study, thermophysical properties such as density, surface tension, viscosity, thermal and electrical conductiv-
ity, and thermoelectric power were investigated. Taking into account the intermetallic compounds occurring in Ga–Li, the 
measurements were conducted in a temperature range of 323–773 K. The experimentally obtained results revealed lower 
density and surface tension with increasing Li additions. The viscosity, electrical conductivity and thermoelectric power 
slightly reduced with the addition of Li content to eutectic Ga–Sn–Zn. The opposite was true of thermal conductivity, which 
increased slightly. The performed Nusselt number and Peclet number calculations for eutectic Ga–Sn–Zn with Li additions 
show similar dependency as found in literature data for Ga and Ga–In alloys.

1  Introduction

Increasing energy demand has caused the development of 
new green energy sources [1] and nuclear power [2]. In 
the first case, problems connected with energy storage can 
arise [3], leading to the use of Li-ion batteries which are 
characterised by high capacity [4]. However, there is poor 
wetting between molten Li metal and garnet pellets, due to 
the large difference in surface energy. Therefore, the mate-
rials used are very sensitive to temperature changes. High 
temperatures accelerate degradation and shorten the life of 
these materials, while low temperatures increase the internal 
electric resistance of the battery and reduce its efficiency [5]. 
Thus, a thermal management system, which could control 
temperature during battery cooling and heating cycles, is 
needed. The cooling process could be controlled by either air 
or liquids, however using liquid metal coolants demonstrates 
a greater efficiency compared to the previously mentioned 
systems [1]. Liquid metals have been investigated as a suc-
cessful cooling fluid in high power LEDs, for computer chips 
and for nuclear plant cooling. Moreover, liquid metals offer 

possibilities in terms of the electromagnetic drive, giving 
them a further advantage for application in cooling systems 
[5]. The most commonly used liquid metals are based on Ga, 
offering very good prospects and great potential for applica-
tion as sensors, coolants, flexible and stretchable electronics, 
microfluids and self-healing devices [6]. Ga additions have 
been used in joints in order to reduce the temperature at 
which the joining process can be conducted [7–9]. In cool-
ants, properties such as thermal conductivity, liquidus tem-
perature, viscosity, density, heat capacity, etc. are crucial for 
the efficiency and functionality of the cooling system. On 
the other hand, the dissolution of elements with which the 
liquid comes into contact will change the abovementioned 
properties.

Ternary systems based on gallium are interesting as 
they possess low melting temperatures (lower than unary 
and binary systems), while still being not extremely com-
plex and are easier to understand than more complicated 
systems. Ga–In–Sn and Ga–Sn–Zn systems are being the 
most widely investigated, this work focuses on the later as 
it replaces indium, which is an expensive element, with 
more common elements, like tin and zinc. When Li dis-
solves into Ga–Sn–Zn eutectic, intermetallic compounds 
with lithium (IMCs) could form, according to the Ga–Li 
[10] and Ga–Li–Zn [11] phase diagrams. The Li admix-
tures form IMCs [4, 12–14], which cause an improvement 
of the mechanical properties, moreover lithium in the case 
of solid-state Li metal batteries exhibits the lowest reduction 
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potential and the highest theoretical specific capacity. The 
greatest demand for Li-ion batteries with liquid metal cool-
ing systems is in electric vehicles, where the principle of 
self-welding could make it easier to seal cracks in the cool-
ant system [5]. In alkali metals, self-welding on the basis of 
the diffusion bond is clearly manifested [15]. Hence, if two 
contacting pieces of solid metal are immersed in sodium at 
a temperature of about 500 K or higher, they will be tightly 
connected after a while. Lithium has similar properties. In 
this case, the liquid metal makes it easier to transfer atoms 
from one solid to another. On this principle, it is possible to 
seal cracks in the coolant circuit, making the system more 
reliable.

This study is focused on the thermophysical properties of 
eutectic Ga–Sn–Zn with Li additions. Taking into account 
the potential application in batteries, this investigation shows 
the effect of Li additions, which could be dissolved into the 
coolant, on density, surface tension, viscosity, thermal and 
electrical conductivity, and thermoelectric power. The tem-
perature dependency for these properties is presented for 
different Li content in eutectic Ga–Sn–Zn. The obtained 
results were compared with literature data for Ga–Sn [16], 
Ga–Zn [17], Ga–Sn–Zn [18] and Ga–In–Sn [19], and with 
the previously studied properties of eutectic Ga–Sn–Zn with 
Al [20], In [21] and Bi [22] additions.

2 � Experimental

This study investigated the properties of eutectic Ga–Sn–Zn 
alloys (90.1 Ga, 6.8 Sn and 3.1 Zn (at.%)) with 0.01, 0.05, 
0.1, 0.5 and 1.0 (wt%) Li, which corresponds to 0.1, 0.52, 
1.04, 5.01 and 9.59 (at.%) Li. Due to the reactivity of Li, 
the alloys were prepared in a glove-box with high purity Ar 
(99.9999%) atmosphere, with levels of H2O and O2 below 
1 ppm, and the N2 amount significantly lowered. For prep-
aration of the alloys, high purity metals Ga (99.99999%) 
from PPM Pure Metals, and Sn and Zn (99.999%) from Alfa 
Aesar, were used. The appropriately weighted amounts of 
each component were melted in graphite crucibles, which 
were placed directly in a resistance furnace. As mentioned 
above, the melting and handling of the alloys was done in 
a glove-box. All experiments were conducted by heating 
to the highest temperature possible for each measurement, 
followed by a step by step cooling. Differential scanning 
calorimetry (DSC) and thermal mechanical analysis (TMA) 
were carried out to determine solidification and melting tem-
peratures (collected in Table 1). In the DSC measurements, 
the heating rate was 10 K/min with an Ar protective atmos-
phere. The thermal linear coefficient (CTE) was determined 
with a heating and cooling rate of 2 K/min with He protec-
tive atmosphere. To determine density, viscosity and surface 
tension, the discharge crucible method (DC) was used, as 

described in details in other works [8, 23–25]. The method 
consists of allowing the free flow of the liquid alloy through 
a hole at the bottom of a graphite crucible, which rests on 
a set of scales, allowing for an accurate measurement of 
the weight. The method requires calibration, which was 
performed using pure metal [23], to obtain density, surface 
tension and viscosity, which can be calculated based on the 
measured changes in weight over a given period of time, as 
shown in Eq. (1). The relationship between the volumetric 
flow rate of liquid Q exiting the crucible through the orifice 
of fixed radius r0, the head of the liquid, is calculated using 
Eq. (1):

where: ρ is the density of liquid (kg/m3), g denotes gravi-
tational acceleration (m/s2), r0 is the radius of the orifice in 
the bottom of crucible (m), σ is surface tension (mN/m), Q 
is free flow (m3/s), η and γ are viscosity and surface ten-
sion, respectively, and a1, a2, a3 and a4 are constants in the 
polynomial describing Cd versus Re, Reynolds number [26]. 
The uncertainty of the measurement of density, viscosity and 
surface tension is up to 3%. Density and surface tension were 
described in this work by linear equations, while the viscos-
ity was characterized by an Arrhenius equation. Tables 2, 3, 
and 4 present the mentioned thermophysical data taken at 
573 K, with estimated standard deviation of the parameters 
of the equation. The density and surface tension line, as well 
as the Arrhenius equation which described the viscosity fit 
excellently to the experimental data, and the parameter R2 
was in the range of 0.991–0.999.

Electrical conductivity and thermoelectric power meas-
urement were performed in argon atmosphere using the con-
tact four-probe method, the experimental setup of which is 
described in [27]. The temperature dependency of electri-
cal conductivity and thermoelectric power were measured 
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Table 1   Chemical composition, melting and solidification tempera-
ture and CTE of studied alloys

Alloys Al additions Temperature CTE

wt% at.% Solidification Melting

Ga–Sn–Zn [18] 267.5 288.1 109
Ga–Sn–Zn0.01Li 0.01 0.10 280.6 299.4 106
Ga–Sn–Zn0.05Li 0.05 0.52 278.2 300.0 107
Ga–Sn–Zn0.1Li 0.10 1.04 281.1 302.2 110
Ga–Sn–Zn0.5Li 0.50 5.01
Ga–Sn–Zn1.0Li 1.00 9.59
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simultaneously, which was made possible as a result of the 
special construction of the crucible and the placement of 
the heater elements. The uncertainty of measurement of 
electrical conductivity using the above mentioned method 
is reported to be 2%, and does not exceed 5%. Thermal con-
ductivity was determined using the steady state concentric 
cylinder technique, which can be found in details in [28]. 
The method yields an uncertainty that does not exceed 7%.

3 � Results and discussion

The prepared alloys of eutectic Ga–Sn–Zn alloys with 
0.01, 0.05 and 0.1 (wt%) additions of Li were liquid at 
room temperature. Those with higher Li content (0.5 
and 1.0 (wt%)) were solid, which is in line with the 
Ga–Li phase diagram [10]. The measured temperatures 

Table 2   Coefficientsa and 
standard deviationb of the 
temperature dependency of 
density, as described by the 
linear equation ρ = A+B.T 
for eutectic Ga–Sn–Zn alloys 
with Li additions, and the 
corresponding density values, 
calculated at 573 Kc. ++

a Values estimated from linear regression error as implemented in the Grapher Software Package
b Values estimated from the difference computed between experimental and calculated from linear density 
fit, s(m) = 1

N

∑N

i=1
��mexp − mfit�� , where N is the number of experimental points and standard deviation of 

density s(ρ)
c Standard uncertainties u are u(T) = 1 K, u(p) = 0.1 kPa at atmospheric pressure p = 0.1 MPa, u(X) = 0.01 
for Li, Ga, Sn and Zn

Ga–Sn–Zn–Li
XLi (wt%)

A (g cm−3) u (A) B (g cm−3K−1) u (B) ρ (573 K) 
(g cm−3)

s (ρ)

Ga–Sn–Zneut [18] 6.332 − 0.00061 5.983
0.01 6.097 0.005 − 0.00060 0.00001 5.753 0.004
0.05 5.894 0.007 − 0.00059 0.00001 5.555 0.005
0.1 5.683 0.008 − 0.00058 0.00001 5.351 0.004
Li [31] 0.563 − 0.00010 0.506

Table 3   Coefficientsa and 
standard deviationb of 
temperature dependency of 
surface tension, as described by 
the linear equation γ = A+B.T 
for eutectic Ga–Sn–Zn alloys 
with Li additions, and the 
corresponding surface tension 
values, calculated at 573 Kc

a Values estimated from linear regression error as implemented in the Grapher Software Package
b Values estimated from the difference computed between experimental and calculated from linear surface 
tension fit, s(m) = 1

N

∑N

i=1
��mexp − mfit�� , where N is the number of experimental points and standard devia-

tion of surface tension s(γ)
c Standard uncertainties u are u(T) = 1 K, u(p) = 0.1 kPa at atmospheric pressure p = 0.1 MPa, u(X) = 0.01 
for Li, Ga, Sn and Zn

Ga–Sn–Zn–Li
XLi (wt%)

A (mN m−1) u (A) B (mN m−1 K−1) u (B) γ (573 K) 
(mN m−1)

s (γ)

Ga–Sn–Zneut [18] 716.5 − 0.074 674.1
0.01 710.6 0.3 − 0.075 0.001 667.5 0.248
0.05 703.7 0.5 − 0.077 0.001 659.6 0.340
0.1 695.9 0.7 − 0.078 0.001 651.4 0.366
Li [34] 461.9 − 0.140 381.2

Table 4   Coefficientsa (A, 
Ea) and standard deviationb 
of temperature dependency 
of viscosity, as described by 
Arrhenius relation (η = A.
exp(Ea/R.T)) for eutectic Ga–
Sn–Zn alloys with Li additions, 
and the corresponding viscosity 
values, calculated at 573 Kc

a Values estimated from linear regression error as implemented in the Grapher Software Package
b Values estimated from difference computed between experimental and calculated from viscosity 
fit, s(m) = 1

N

∑N

i=1
��mexp − mfit�� , where N is the number of experimental points and standard deviation of 

viscosity s(η)
c Standard uncertainties u are u(T) = 1 K, u(p) = 0.1 kPa at atmospheric pressure p = 0.1 MPa, u(X) = 0.0001 
for Li, Ga, Sn and Zn

Ga–Sn–Zn–Li
XLi (at.%)

A (mPa s) u (A) Ea (J mol−1) u (Ea) η (573 K) 
(mPa s)

s (η)

Ga–Sn–Zneut [18] 0.376 − 3824.3 0.839
0.01 0.373 0.002 − 3836.4 69.3 0.834 0.002
0.05 0.357 0.002 − 3938.7 70.8 0.816 0.004
0.1 0.350 0.002 − 3961.2 74.5 0.804 0.004
Li [31] 0.146 − 5560.0 0.468
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of solidification and melting are collected in Table 1. The 
obtained experimental results show that the temperature of 
solidification and melting increase slightly with increas-
ing Li content. The samples with 0.5 and 1.0 (wt%) Li 
showed the highest values, at 469 and 503 K, respectively, 
but the liquidus temperature was much higher. The shift 
of the peak should be taken into account, given that the 
samples are liquid and dissolution could change the melt-
ing temperature of particles corresponding to the occur-
ring phases. From calorimetry study of eutectic Ga–Sn–Zn 
samples with a higher amount of Li (shown in Fig. 1), 
which are solid at room temperature, it is evident that 
high-temperature IMCs from the Ga–Li [10], Sn–Li [29] 
and Li–Zn [30] systems form in alloys with Li content 
of 0.5 and 1.0 (wt%). The obtained calorimetry curve, 
presented in Fig. 1, shows the initial Ga–Sn–Zn dissolu-
tion with 0.5 and 1.0 (wt%) Li from 373 K, in accordance 
with the Li–Sn system. After 523 K, the IMCs from the 
Ga–Li, Li–Sn and Li–Zn systems are dissolving, in order 
to dissolve LiGa phase, the sample has to be heated up to 
around 973 K. It is worth noting that eutectic Ga–Sn–Zn 
and eutectic Ga–Sn–Zn with 0.01, 0.05, and 0.1 (wt%) Li 
content alloys were liquid at room temperature and did 
not show the dependency presented in Fig. 1 for the alloys 
with higher Li content.

The calculated CTE reduced slightly with increasing Li 
content in Ga–Sn–Zn, at 107,106 and 110 (10−6 K−1), com-
pared to 109 (10−6 K−1) for eutectic Ga–Sn–Zn [18]. The 
obtained data can be compared with the CTE of Ga–In–Sn 
which in the temperature range 323–773 K is equal to 147 
(10−6 K−1) [19]. As in the case of Al additions to eutec-
tic Ga–Sn–Zn [20], the CTE decrease with the content of 
alloying elements is small, which is correlated with a closer 
match in the liquid phase. Increasing additions of alloying 

elements to eutectic Ga–Sn–Zn caused the formation of 
IMCs, which is correlated with short ordering in the liquid 
that corresponds to a higher CTE value. The obtained results 
are important in the case of cooling systems with lithium, 
were this element could dissolve into the liquid coolant—the 
amount of lithium in the Ga–Sn–Zn eutectic limits the low 
working range of temperatures of the liquid metal.

The temperature dependency of density for eutec-
tic Ga–Sn–Zn alloys with 0.01, 0.05, and 0.1 (wt%) Li is 

Fig. 1   Calorimetry curves 
measured for eutectic Ga–Sn–
Zn alloy with 0.5 and 1.0 (wt%) 
Li

Fig. 2   Density measurement in a function of temperature for eutectic 
Ga–Sn–Zn with Li additions compared with Ga [32], Li [33], Ga–Sn 
[16], Ga–Zn [17], Ga–Sn–Zn [18] and Ga–In–Sn [19] literature data
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presented in Fig. 2. The density values are reduced with 
increasing temperature and Li content. The obtained experi-
mental results for Ga–Sn–Zn–Li alloys are lower compared 
to those for eutectic Ga–Sn–Zn [18] and Ga–In–Sn [19]. 
Similarly for the previously investigated Al addition [20] 
the density values decrease with higher amount of Al, in 
the case of Li, the lowest density value was observed for 0.1 
(wt%) of Li. The density value of elemental Li is equal to 
0.506 (g.cm−3) [31] and is one order of magnitude less than 
values for eutectic Ga–Sn–Zn 5.983 (g.cm−3) at a tempera-
ture of 573 K, which has a high impact on density results 
of the studied alloys. A trend of decreasing density with Li 
content, such as for eutectic ZnAl with Li additions [25] was 
observed. In [25], the reduction in density was caused by 
the formation of IMCs from the Al–Li and Li–Zn systems 
[12]. In the case of this work, there is a similar association 
with the liquid from short-range ordering caused by IMCs, 
as was observed for higher Li content (Fig. 1). The obtained 
temperature dependency of density for eutectic Ga–Sn–Zn 
with Li additions was described using a linear type equation 
( � = A + BT  ). The coefficients of the equation, as well as 
the errors associated with them, are shown in Table 2. The 
obtained parameters A and B, and density values, reduce 
with increasing Li content.

Surface tension versus temperature for eutectic Ga–Sn–Zn 
with Li additions is presented in Fig. 3. The obtained results 
for surface tension show reducing values with increasing Li 
content. For 1.0 (wt%) Li, the obtained results are close to 

those for eutectic Ga–Sn [16]. As observed for Bi additions 
[22] to eutectic Ga–Sn–Zn, the Li content also reduces sur-
face tension. The results in this case were 633.8 (mN m−1) 
for 5 (wt%) Bi and 651.4 (mN m−1) for 0.1 (wt%) Li, at 
the temperature of 573 K. The reducing surface tension is 
correlated with Li additions, for which surface tension is 
much lower [32]. The Li additions in the liquid segregate 
to the surface, causing lower surface tension. Moreover, the 
Ga-based alloys have a tendency towards oxidation due to 
gallium properties and the Li additions should intensify this 
phenomenon. However, it can be noted that oxidation can 
be a positive effect and was already used in order to produce 
thin 2D oxide layers [33]. The process of fabrication of such 
layer can be undertaken at room temperature. In the case of 
a cooling system for lithium batteries, it may be important 
to limit the amount of oxygen that could come in contact 
with the liquid metal coolant. The obtained surface tension 
results for Ga–Sn–Zn with Li content were described using 
a linear equation (γ = A+B·T). The coefficients of the men-
tioned equation, the errors connected to them, as well as the 
calculated value of surface tension at 573 K, are shown in 
Table 3.

The temperature dependency of viscosity for eutectic 
Ga–Sn–Zn alloy with Li additions is presented in Fig. 4. 
The experimental results were compared with literature 
data for Ga [32], Ga–Sn [16], Ga–Zn [17], Ga–Sn–Zn [18] 
and Ga–In–Sn [19]. The addition of Li content to the base 
alloy resulted in a slight decrease of viscosity. The viscosity 
values for the addition of 0.01 (wt%) Li were at the same 

Fig. 3   Surface tension measurement in a function of temperature for 
eutectic Ga–Sn–Zn with Li additions compared with Ga [32], Li [33], 
Ga–Sn [16], Ga–Zn [17], Ga–Sn–Zn [18] and Ga–In–Sn [19] litera-
ture data

Fig. 4   Viscosity measurement in a function of temperature for eutec-
tic Ga–Sn–Zn with Li additions compared with Ga [32], Ga–Sn [16], 
Ga–Zn [17], Ga–Sn–Zn [18] and Ga–In–Sn [19] literature data
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level as for those for eutectic Ga–Zn [17] and Ga–Sn–Zn 
[18]. Li content of 0.05 and 0.1 (wt%) lowered the values in 
comparison to those of pure Ga [30]. The obtained experi-
mental results for viscosity were described by an Arrhenius 
type equation (η = Aexp(Ea/RT)). The coefficients of the 
equation, along with the standard deviation, are collected in 
Table 4. From the Arrhenius equation, the activation ener-
gies have been determined. It was observed that the activa-
tion energy increases with increasing Li content in eutectic 
Ga–Sn–Zn. The small amount of Li caused viscosity to 
decrease, while higher Li content could be associated with 
increasing viscosity, which is correlated with IMC forma-
tion as observed in the calorimetry curve (Fig. 1) and the 
short-range ordering in the case of ZnAl with Li alloys [25]. 
Therefore, the low Li content dissolves in Ga, which is in 
line with the Ga–Li phase diagram, causing reduced vis-
cosity due to the lower viscosity of pure Li 0.486 (mPa.s) 
at the temperature of 573 K [33]. It should be pointed out 
that lower values of viscosity are beneficial for cooling sys-
tems, as less energy is required in order for the liquid to 
flow through the cooling system. An increase of viscosity, 
as is the case of a high amount of lithium dissolved in the 
base eutectic Ga–Sn–Zn alloy, has to be taken into account 
and eliminated if possible by avoiding the risk of a too high 
amount of lithium dissolving into the cooling liquid.

Three Ga–Sn–Zn samples with 0.01, 0.05, 0.1 wt% addi-
tions of lithium were selected for the investigations of elec-
trical conductivity. The measurements were carried out in 
a wide temperature range beginning from the melting tem-
peratures of each alloy, which were determined from the 
calorimetry curves (Table 1) up to 900 K. The measure-
ment were performed during heating and subsequent cool-
ing. Temperature dependencies of electrical conductivity for 
all investigated liquid alloys as well as for their constituent 
elements Ga [19], Sn [35], Zn [36] and Li [37] are presented 
in Fig. 5.

Similarly to other molten metal alloys (see [38] and refer-
ences therein), the first σ(T) curve was not smooth, reflecting 
numerous structural transformations which occur during first 
heating starting from the initial microheterogeneous state 
just above the melting point and the consequent homogene-
ous solution which is present at high temperatures.

Temperature dependence of electrical conductivity is well 
described by the following polynomial:

where σ0 denotes the electrical conductivity at the melting 
temperature Tm, and a, b are fitting coefficients, as presented 
in Table 5.

As reported in [18, 38], the shape of the σ(T) curve in a 
multicomponent liquid alloy depends on the influence of the 
electrical conductivities of its constituent elements. Comparing 

(2)�(T) = �0 + a ⋅
(
T−Tm

)
+ b ⋅

(
T−Tm

)2
,

the non-linear σ(T) curve of Ga–Sn–Zn, which is formed as a 
result of the linear σ(T) curve of liquid tin [35], being slightly 
concave in liquid Ga [19] and convex one in liquid Zn [36, 
39], the σ(T) dependence in liquid eutectic Ga–Sn–Zn alloys 
with Li additions is more linear. The electrical conductivity of 
liquid lithium has a linear temperature dependence [37], which 
we believe has an insignificant effect on the overall electrical 
conductivity in the studied case.

The absolute values of the measured electrical conduc-
tivity of Ga–Sn–Zn + Li alloys are slightly lower than those 
of Ga–Sn–Zn. Solutions of Li in Ga, Sn, Zn form the alloys 
belonging to systems with strong interaction between the 
components. The phase diagrams of those systems reveal a 
number of intermetallic or chemical compounds of covalent or 
ionic nature (Ga14Li3, Ga2Li, Ga4Li5 and GaLi), as mentioned 
before. It can be assumed that an area of ordering in the size 
of one or more coordination spheres is formed between the 
components around the impurity particle, and this complex is 
present in the melt as a more or less stable formation. This may 
lead to a decrease in the effective concentration of conduction 
electrons. The scattering of electrons can be quite large. The 
large cross-sections of electron scattering lead to a decrease in 
electrical conductivity. This σ reduction, marked as Δ�i , can 
be found from the following equation:

(3)Δ�−1
i

= Ni

m�F

e2
�i

Fig. 5   Electrical conductivity measurement for the eutectic Ga–Sn–
Zn eutectic alloy with 0.01, 0.05 and 0.1 (wt%) of Li additions, the 
lines the polynomial fits, this work. The dotted lines represent litera-
ture data: Li [37], Ga [19], Sn [35], Zn [36] and Ga–In–Sneut [19] are 
shown for comparison
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where Ni is the atomic fraction of impurities, m stands 
for the electron mass, e denotes the charge of the electron 
charge, �F is the electron velocity at the Fermi level and �i 
is a scattering cross-section of the conducting electrons at 
the particles of impurities.

The electrical conductivity reduction can be also deter-
mined from the Linde rule:

where a and b are constants for a given solvent metal and 
a given row in the periodical table and Z is the valence dif-
ference. For the admixtures of normal metals, Linde’s rule 
turns out to be valid for binary and also ternary alloys. Thus, 
although the electrical conductivity of the elemental lithium 
is essentially higher than the conductivity of the other alloy 
components, the Li admixtures do not increase the com-
mon conductivity of the Ga–Sn–Zn eutectic alloys with Li 
additions.

The thermal conductivity is a crucial parameter in the case 
of application of any material in a cooling system. The depend-
ency on temperature, λ(T), of the liquid eutectic Ga–Sn–Zn 
alloy with additions of 0.01, 0.05 and 0.1 (wt%) of Li was 
measured across a temperature range between the melting 
points of each of the mentioned alloys and approximately 
900 K. As seen in Fig. 6, the thermal conductivity of all inves-
tigated alloys increases upon heating in a non-linear manner.

The absolute values for thermal conductivity of Ga–Sn–Zn 
eutectic alloy with Li admixtures are very close to the λ(T) 
data obtained for the ternary Ga–Sn–Zn eutectic alloy, and 
do not exceed the interval of experimental uncertainty. If 
lithium dissolves into the liquid metal coolant during thermal 
management of a batteries, according to the obtained results 
the thermal conductivity will not be strongly affected, which 
in consequence allows for a continued work of the system. 
It was determined that the thermal conductivity λ(T) data, 
obtained from the experimental σ(T) results using the Wiede-
mann–Franz–Lorenz law, are in accordance with the experi-
mental λ(T) data. λ(T) dependency can be described by the 
polynomial:

(4)Δ�−1
i

= Ni[a + b(ΔZ)2],

(5)�(T) = �0 + c ⋅
(
T−Tm

)
+ d ⋅

(
T−Tm

)2
,

where λ0 is the thermal conductivity at the melting tem-
perature Tm, and c and d are fitting coefficients, collected 
in Table 6.

The simultaneous measurement of the thermoelectric 
power, S, was performed with the determination of the 
electrical conductivity of liquid eutectic Ga–Sn–Zn alloy 
alloyed with 0.01, 0.05 and 0.1 (wt%) of Li. The experiment 
was conducted during heating and cooling in the mentioned 
temperature range. The temperature dependency S(T) of the 
Ga–Sn–Zn–Li alloys is shown in Fig. 7. It has already been 
demonstrated in previous works [11] that the thermoelectric 
power of Ga–Sn–Zn decreases slightly when the sample is 
heated, and this relationship can be characterised by the fol-
lowing polynomial:

(6)
S (T) = 6.3949 − 0.0318 T + 4.1456 ⋅ 10−5T2 − 1.9682 ⋅ 10−8T3

Table 5   Electrical conductivity, 
σ0, and coefficients Tm, a, b 
as from Eq. (4) describing 
the temperature dependence 
of electrical conductivity for 
eutectic Ga–Sn–Zn alloys with 
Li additions

Alloy composition (wt%) Tm (K) σ0 (Ohm−1 cm−1) a (Ohm−1 cm−1 K−1) b 
(Ohm−1 cm−1 K−2)

Ga–Sn–Zn [16] 288.1 29,503 − 19,4776 0.0076
Ga–Sn–ZnE0.01Li 300 28,918 − 16.4334 0.0012
Ga–Sn–ZnE0.05Li 302.2 28,746 − 15.9667 0.0005
Ga–Sn–ZnE0.1Li 303.6 28,720 − 17.635 0.0041

Fig. 6   Thermal conductivity measurement for the Ga–Sn–Zn eutectic 
alloy with 0.01, 0.05 and 0.1 (wt%) of Li additions. Dashed lines are 
the values calculated from electrical conductivity σ(T) by the Wiede-
mann–Franz–Lorenz law, while a solid line denotes a polynomial fit. 
The results are compared with the literature data for Ga [19], Ga–Sn–
Zneut [18] and Ga–In–Sneut [19]



18977Journal of Materials Science: Materials in Electronics (2019) 30:18970–18980	

1 3

Small additions of Li result in a less sloping S(T) curves. 
Thus the following second-order polynomials can describe 
the temperature dependency of the thermoelectric power 
measured in this experiment:

where S0 is the thermoelectric power at the melting tem-
perature Tm, and e and f are fitting coefficients, which are 
presented in Table 7.

(7)S(T) = S0 + e ⋅
(
T−Tm

)
+ f ⋅

(
T−Tm

)2
,

As in the case of the eutectic Ga–Sn–Zn melt, the thermo-
electric power values of all Ga–Sn–Zn–Li alloys are negative 
in the investigated temperature range, keeping the negative 
dS/dT slope. An increase of Li content leads to a negligible 
decrease of S.

3.1 � Heat transfer simulation

A heat transfer simulation was conducted in order to further 
understand the potential of Ga–Sn–Zn eutectic alloy as an 
effective coolant in thermal management systems.

The Nusselt number (Nu) was determined as a function of 
the Peclet number (Pe) for the Ga–Sn–Zn alloy. The Nusselt 
number can be used to determine the heat transferred between 
a coolant and a heating surface, which is a crucial parameter 
in the case of gallium-based alloys investigated in this regard. 
The most significant correlations used to calculate the Nusselt 
number were developed by Martinelli and Lyon [40, 41], and 
Seban and Shimazaki [42]. Lubrasky and Kaufman provided 
another empirical equation for the description of the corre-
lation between Nu and Pe [42]. The equations used in this 
work to model the relation between the mentioned parameters 
are shown below Lyon [42], Seban and Shizamaki [43], and 
Lubarsky and Kaufman [44]:

The Peclet number was calculated using available experi-
mental data using Eq. (11).

(8)Nu = 7 + 0.025Pe0.8

(9)Nu = 5 + 0.025Pe0.8

(10)Nu = 0.625Pe0.4

(11)Pe = Re ⋅
Cp ⋅ �

�

Table 6   Thermal conductivity 
λ0, and coefficients Tm, c, d 
from Eq. (7) describing the 
temperature dependence 
of thermal conductivity for 
eutectic Ga–Sn–Zn alloys with 
Li additions

Alloy composition (wt%) Tm (K) λ0 (W m−1 K−1) c d

Ga–Sn–Zn [16] 288.1 19.5664 0.0541 − 2.6978E − 005
Ga–Sn–ZnE0.01Li 300.0 20.1279 0.0546 − 3.0358E − 005
Ga–Sn–ZnE0.05Li 302.2 20.6317 0.0585 − 3.7498E − 005
Ga–Sn–ZnE0.1Li 303.6 21.5273 0.0572 − 3.5917E − 005

Fig. 7   Thermoelectric power measurement for the liquid Ga–Sn–Zn 
eutectic alloy with 0.01, 0.05 and 0.1 (wt%) of Li additions. The solid 
line is a polynomial fit. The results are compared with literature data 
for Ga [19], Ga–Sn–Zneut [18] and Ga–In–Sneut [19]

Table 7   Thermoelectric power S0, and coefficients Tm, e, f from Eq.  (9) describing the temperature dependence of thermoelectric power for 
eutectic Ga–Sn–Zn alloys with Li additions

Alloy composition (wt% Li) Tm (K) S0 (μV K−1) e f

Ga–Sn–ZnE0.01Li 300 − 0.9169 − 0.0044 1.5901E − 006
Ga–Sn–ZnE0.05Li 302.2 − 0.8678 − 0.0046 1.5725E − 006
Ga–Sn–ZnE0.1Li 303.6 − 0.7585 − 0.0045 9.4665E − 007
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where Re is the Reynolds number, Cp is heat capacity, � is 
the viscosity of the alloy, and λ is the thermal conductivity.

Figure 8 presents the correlation between the Nusselt 
and Peclet numbers. The obtained model correlations for 
Ga–Sn–Zn alloy are compared with experimental litera-
ture data concerning pure gallium and Ga15In alloy [44]. 
Moreover, the experimental data obtained in [45] for 
Bi–Pb alloys is also shown.

Due to very small differences between data for vis-
cosity and thermal conductivity for eutectic Ga–Sn–Zn 
and eutectic Ga–Sn–Zn with Li additions, the obtained 
calculation of Nu and Pe for eutectic Ga–Sn–Zn is pre-
sented in Fig. 8. As in the case of Sarafraz et al. [44] for 
Ga and Ga–In alloys, the obtained data of Nu and Pe for 
eutectic Ga–Sn–Zn and eutectic Ga–Sn–Zn with Li addi-
tions were in the same range. The obtained differences 
of Nu vs Pe result from different methods of calculating 
Nu, proposed by Lyon [42], Seban and Shizamaki [43], 
and Lubarsky and Kaufman [44]. However, as presented 
in [44], when experimental data are compared with the 
model for pure Ga, the Seban and Shimazaki model [43] 
shows the best fit. For Ga–In alloys with higher In con-
tent, the Lyon model [42] is best. Taking into account the 
performed calculation for eutectic Ga–Sn–Zn and eutectic 
Ga–Sn–Zn with Li additions, it should be assumed that the 
Lyon model provides the better description [43].

4 � Conclusions

This study has investigated the effect of small additions of 
Li to eutectic Ga–Sn–Zn on thermophysical properties such 
as density, surface tension, viscosity, electrical and thermal 
conductivity and thermoelectric power. Taking into account 
the potential applications of liquid metals in cooling systems 
for batteries based on Li, effects such as Li dissolution in the 
proposed liquid metal coolant are very important. During the 
experiments, the following was determined:

–	 Alloys with higher Li content (0.5 and 1.0 (wt%)) in 
eutectic Ga–Sn–Zn alloy show higher liquidus tem-
peratures, caused by the formation of high-temperature 
phases from the Li–Ga, Li–Sn and Li–Zn systems. For 
lower Li content (below 0.5 (wt%)), the effect of dissolv-
ing high-temperature phases was not observed and the 
coolant could still operate in the lower temperature range.

–	 The obtained results for density, surface tension and 
viscosity show that small additions (0.05, 0.01 and 0.1 
(wt%)) of Li to eutectic Ga–Sn–Zn cause the values of 
these properties to decrease. This could be correlated 
with the solubility limit of Li in the investigated alloys, 
with small Li additions fitting in this range.

–	 Although the electrical conductivity of elemental lith-
ium is essentially higher than the conductivity of other 
alloy components, the Li admixtures do not increase the 
common conductivity of the Ga–Sn–Zn + Li alloys. The 
electrical conductivity of all investigated Ga–Sn–Zn + Li 
alloys is slightly lower than the conductivity of the Ga–
Sn–Zn eutectic alloy. The obtained results confirm the 
assumption that the addition of admixtures decreases the 
electrical conductivity, and the Linde rule, which is valid 
for a number of binary liquid alloys, can also be suitable 
for systems with more components.

–	 The thermal conductivity of all investigated alloys 
increases non-linearly with rising temperatures. The 
corresponding values calculated from the electrical 
conductivity are consistent with experimental findings 
within the range of experimental uncertainty. The abso-
lute values of thermal conductivity of Ga–Sn–Zn eutec-
tic alloy with Li admixtures are very close to λ data of 
ternary Ga–Sn–Zn, and do not exceed the interval of 
experimental uncertainty.

–	 The thermoelectric power of all Ga–Sn–ZnE + Li alloys 
remains negative across the entire temperature interval 
of the liquid state, similar to S(T) of the Ga–Sn–Zn 
alloy. An increase of Li content leads to a very negli-
gible decrease of S.

–	 Small admixtures of lithium (up to 0.5 (wt%)) do not 
have a noticeable effect on the electrophysical proper-
ties of the Ga–Sn–Zn eutectic alloy.Fig. 8   Correlation between the Nusselt number and Peclet number, 

with literature data for Ga [43], Ga15In [43] and Pb–Bi [44]
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In summary, taking into account all the investigated 
properties, small Li additions to eutectic Ga–Sn–Zn have 
an inconsiderable effect, which gives very good prospects 
for the application of liquid metals in battery cooling system. 
In systems where liquid metal are used as the main coolant, 
the temperature distribution is easier to control and stabilise, 
and as demonstrate in this work efficient materials such as 
liquid metals based on eutectic Ga–Sn–Zn could be success-
fully employed.
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