
Density, surface tension and viscosity of liquid ZnAl þ X (X ¼ Li, Na, Si)
alloys

Tomasz Gancarz*

Institute of Metallurgy and Materials Science, Polish Academy of Sciences, Krakow, Poland

a r t i c l e i n f o

Article history:
Received 21 December 2015
Received in revised form
27 June 2016
Accepted 27 June 2016
Available online 4 July 2016

Keywords:
ZnAl-Na
ZnAl-Li
ZnAl-Si
Density
Surface tension
Viscosity

a b s t r a c t

In this study, data for liquid ZnAl alloys with Li, Na and Si addition are presented. The thermophysical
properties, viscosity, density and surface tension were measured using the discharge crucible method
(DC). The experiments were conducted for Zn5.3Al alloys with 0.1, 0.2, 0.5, 1.0 and 3.0 wt% Na; 0.05, 0.1,
0.2, 0.5 and 1.0 wt% Li; and 0.5, 1.0, 3.0 and 5.0 wt% Si. The measurements were performed over a
temperature range of 773e1023 K. The results show that the additions of Li and Na to eutectic ZnAl
causes density and surface tension to decrease, and viscosity to increase. Addition of Si caused density,
surface tension and viscosity to increase, in comparison to eutectic ZnAl alloy. The performed isotherms
of density, surface tension and viscosity at 973 K show the influence of additions of Na, Li and Si to
eutectic ZnAl.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Density, surface tension and viscosity are very important
properties in several fields of materials and metal processing. Many
systems are still not fully characterised with regard to their ther-
mophysical property data. A knowledge of density, surface tension
and viscosity data is necessary to understand the best processing
conditions [1]. Density and viscosity are also important to die
casting studies, and surface tension to the wettability process. The
ZnAl alloys show attractive physical and mechanical properties
[2,3] and have high potential for application as high temperature
solders [4] in various fields of engineering, due to low density, good
fluidity, excellent castability, lower energy requirement for shaping
and superior wear properties [5]. The ZnAl alloys are used in pro-
duction of structural and decorative parts in the automotive, elec-
trical and electronic industries, as well as in general purpose
machinery and equipment requiring high manufacturing precision
[6]. The effects of Na addition on the properties of the ZnAl eutectic
alloy, such as the melting temperature, linear thermal expansion,
electrical resistivity and mechanical properties, together with the
microstructural analysis of the cast alloy, were investigated and are

presented in Ref. [7]. Silicon has the effect of improving casting
characteristics, combined with other physical properties such as
mechanical properties and corrosion resistance. In general, the
optimum range of silicon content can be assigned to casting pro-
cesses [8]. On the effect of Li additions, they first decrease the
density of alloys [9] and change the crystal structure from hcp to
bcc, thereby allowing cold work processing. By cold working, work
hardening, which is impossible for ordinary hcp magnesium alloys,
is expected [10].

In the literature data there is not much work about the liquid
properties of ZnAl alloys regarding density [11], surface tension [12]
and viscosity [1,11,13]. A few papers present experimental data for
density of Al-Si [14], Al-Li [15], Li-Zn [15] and SnZn-Na [16], for
surface tension of Al-Si [12], Al-Li [15], Li-Zn [15] and SnZn-Na [16],
and for viscosity of Al-Li [15], Li-Zn [15] and SnZn-Na [16]. In
summary, there is no paper presenting the influence of Li, Na or Si
additions on the physicochemical properties of ZnAl alloys.

2. Experimental

High puritymetals of Al, Zn, Si (99.999%), and Li, Na (99.5%) were
used for alloy preparation. The assumptions of the discharge cru-
cible method are described in Refs. [17,18] and the latest results and
changes in equipment are shown in Ref. [19], where head of liquid
is measured to control density. The alloys were prepared in a glove
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box filled with high purity Ar (99.9999%) and high temperature
cleaner for reducing the amount of N2. Samples of Zn5.3Al alloys
with 0.1, 0.2, 0.5,1.0 and 3.0 wt% Na; 0.05, 0.1, 0.2, 0.5 and 1.0 wt% Li;
0.5, 1.0, 3.0 and 5.0 wt% Si were melted in Mo crucibles in a resis-
tance furnace, and after melting they were used for measuring
density, viscosity and surface tension by the discharge crucible
method (DC), as described in detail elsewhere [17,18]. The chemical
compositions of alloys are presented in Table 1. The method con-
sists of allowing the free flow of the liquid alloy through a hole in
the bottom of the crucible, which is on a set of scales [17,18]. Based
on the measured weight over a given period time, we can calculate
the density, surface tension and viscosity. The relation describing
the volumetric flow rate of liquid Q, exiting the crucible through the
orifice of fixed radius r0, to the head of the liquid is calculated using
the Equation (1):
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where: r e density of liquid (kg/m3), g e gravitational acceleration
(m/s2), r0 e orifice radius in the bottom of crucible (m), s e surface
tension (mN/m), Q e free flow (m3/s), and h - viscosity (mPa s),
respectively, Cd e discharge coefficient determined for a given
crucible, based on the free flow of liquids with known density, Re e
Reynolds number and a1, a2, a3 and a4 are constants in the poly-
nomial describing Cd versus Re [17,18].

The temperature dependence of density and surface tension
were described by linear equations, and the viscosity by an
Arrhenius type equation. The data are listed in Tables 1e3, along
with estimated errors of the equation parameters and property
values calculated at 973 K. The changes of density, surface tension
and viscosity vs. concentration of additions of Li, Na and Si to
eutectic ZnAl were generated by the minimisation method [17,18].

3. Results and discussion

3.1. Density

The density of eutectic ZnAl alloy was first obtained as a refer-
ence. The difference between the extrapolated data of density 5.930

and that in the literature (6.030 [20] and ~6.2 (g cm�3) [11] at
temperature 733 K) could be caused by differences in chemical
composition, range of experimental temperature and purity of Al.
According to melting temperature designated by calorimetry, the
temperature range for eutectic ZnAl alloys with Li [21], Na [7] and Si
[22] additions was from 773 to 1023 K. Only for ZnAl with 1.0 and
3.0 Na was it changed, to between 823 and 1023 K, according to
increased melting temperature with Na addition [7]. The density of
ZnAl þ Li, ZnAl þ Na and ZnAl þ Si are presented in Fig. 1 a, b and c,
respectively. The temperature dependences of density for ZnAl
with Li, Na and Si additions, with the A and B parameters of linear
equations describing experimental data and its errors d and density
values calculated at 973 K, are shown in Table 2. Similar values and
temperature dependency slopes are observed for Li and Na content.
However, for highest additions 1.0 (wt%) Li and 3.0 (wt%) Na to ZnAl
alloys, greater differences are observed. This is caused by the
greater potential for intermetallic compounds (IMCs) to be formed
with Li than with Na. The occurring IMCs are create the associates,
which correlate with short-range ordering in the liquid, causing
reduced density. On the other hand, increased addition Si caused
the density of ZnAlþ Si alloys to increase. The slope of temperature
dependences (parameter B) reduces with increasing Li and Na, but
increases with increasing Si content. The changes of density vs.
concentration for eutectic ZnAl with additional Li, Na and Si are
presented in Fig. 1d. The lowest density value was obtained for ZnAl
with 1.0 (wt%) Li, which corresponds to the formation of interme-
tallic compounds (IMC) [21]. The reduction in density may be
correlated with the possible creation of IMCs in system studied. In
the Al-Li-Zn system, several binary phases from Al-Li, Li-Zn and
ternary Al-Li-Zn [23] could have been formed. As reported in
Refs. [15], lower density with increasing Li-content is observed for
the two Li-containing binary systems (Al-Li, Li-Zn). Density starts to
increase from the Al-Li binary through three ternaries, towards the
Li-Zn edge of the Gibbs triangle. An appropriate density change has
also been recorded, starting from pure Al through Al-Zn alloys and
moving towards pure Zn. For ZnAl with Na there is only NaZn13 and
no data about a ternary system [7], and for ZnAl with Si the Al and
Zn dissolved [22]. For ZnAl with Si, density increased with
increasing Si content. This is the opposite of what happened with Li
and Na addition, and is caused by the dissolving of an undissolved
particle of Si, which was observed in the microstructure of ZnAl
with Si [22].

3.2. Surface tension

The surface tensions of eutectic ZnAl and ZnAl with Li, Na, Si and
additions were determined, and are presented in Fig. 2. In the
literature there is surface tension data only for alloys with a small
addition of Zn (up to 19 wt%) [12], and the obtained surface tension
value for eutectic ZnAl (Zn5Al) is 760.9 (mN/m) at 973 K, which fits
the trend well. However, it is very difficult to state unequivocally
that, for the Al-Zn system, there are positive or negative deviations
from the ideal for surface tension, as observed in Ref. [12]. The
problem results from the adoption of the surface tension value of
pure elements (Al [15,24] and Zn [24,25]). Surface tension for Al,
which can differ by more than 10%, has a high impact on the ob-
tained deviation for the Al-Zn system. In the case of surface tension
data from this study (obtained by the DC method), of pure Al [15]
and Zn [25], the positive deviation was observed in the surface
tension for the Al-Zn system. The surface tensions of ZnAl þ Li,
ZnAl þ Na and ZnAl þ Si are presented in Fig. 2a, b and c, respec-
tively. The temperature dependences of surface tension for ZnAl
alloys with Li, Na and Si additions, with the A and B parameters of
linear equations describing experimental data, its errors d and
surface tension values calculated at 973 K, are shown in Table 3. The

Table 1
Chemical compositions of alloys.

Chemical compositions

Samples wt% at.%

ZnAl Zn5.3Al Zn12Al
ZnAl-0.1Na Zn5.3Al-0.1Na Zn12Al-0.3Na
ZnAl-0.2Na Zn5.3Al-0.2Na Zn12Al-0.5Na
ZnAl-0.5Na Zn5.3Al-0.5Na Zn12Al-1.3Na
ZnAl-1.0Na Zn5.3Al-1.0Na Zn12Al-2.6Na
ZnAl-3.0Na Zn5.3Al-3.0Na Zn12Al-7.6Na

ZnAl-0.05Li Zn5.3Al-0.05Li Zn12Al-0.4Li
ZnAl-0.1Li Zn5.3Al-0.1Li Zn12Al-0.9Li
ZnAl-0.2Li Zn5.3Al-0.2Li Zn12Al-1.7Li
ZnAl-0.5Li Zn5.3Al-0.5Li Zn12Al-4.2Li
ZnAl-1.0Li Zn5.3Al-1.0Li Zn12Al-8.1Li

ZnAl-0.5Si Zn5.3Al-0.5Si Zn12Al-1.1Si
ZnAl-1.0Si Zn5.3Al-1.0Si Zn12Al-2.1Si
ZnAl-3.0Si Zn5.3Al-3.0Si Zn12Al-6.3Si
ZnAl-5.0Si Zn5.3Al-5.0Si Zn12Al-10.2Si
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