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Abstract: This study is part of a series of studies aimed at
measuring the thermophysical properties of molten phase
change material-type metallic thermal energy storage mate-
rials near 873 K (600°C). The target material is Al–Si based
alloys. First, as a feasibility study, density measurements of
the molten state of three Al–Si binary alloys (Al–12.2Si,
Al–50Si and Al–90Si in atomic%) were performed. A highly
accurate non-contact density measurement method based
on the static magnetic field superposition electromagnetic
levitation (EML) method was employed as the density mea-
surement method. The validity of this experimental method
was confirmed, and density of molten Al–Si base alloys
(ADC12 and Al–5.9mass%Si–1.6mass%Fe) were measured
as a function of temperature with an expanded uncertainty
of 1.2%. In addition, the surface tension of the alloys was
measured by the droplet oscillation method using the EML
technique. The surface tension was successfully obtained
as a function of temperature with expanded uncertainty
of 2.3%.

Keywords: density, surface tension, Al–Si based alloys,
electromagnetic levitation, static magnetic field, droplet
oscillation method, Butler model

1 Introduction

To achieve carbon neutrality, it is necessary to further
introduce renewable energy sources such as photovoltaic
power generation. Carnot batteries (thermal power storage)

with large-scale thermal energy storage technology are
attracting attention as one means of ensuring a stable
energy supply that is not affected by weather conditions,
etc. [1,2]. As its heat storage method, latent heat storage is
promising because of its features such as high heat storage
density and the ability to supply heat at a constant tempera-
ture. In Rankine batteries, a type of Carnot battery, the use
of high-efficiency steam turbines is a key technology to
increase round-trip efficiency. Due to expected vapor tem-
peratures and structural material constraints, phase change
materials (PCMs) need to be developed that cover various
temperature ranges below 700°C. Shimizu and Nomura [1]
have attempted to develop Al–Si–Fe PCMs based on thermo-
dynamic calculation software (Factsage) and thermal ana-
lysis. They found an Al–5.9Si–1.6Fe (in mass%) PCM that
melted at 846–897 K (573–624°C) and had a high latent
heat capacity of 386 J·g−1. Kageyama and Morita [3] devel-
oped Zn–Al–Mg and Al–Si eutectic alloys as phase-change
materials for use in the 300–350°C and 450–550°C tempera-
ture ranges, respectively. The problem of reactivity between
PCM and the container is another issue that must be solved.
Yamanaka et al. [4] have studied the corrosion resistance of
Co–Cr–Mo–Si alloys with Al–Si melts at 700°C.

At the same time, to develop a highly efficient heat
storage type heat exchanger, it is important to understand
the behavior of metal PCM inside the heat exchanger
by analyzing its heat storage and release characteristics
using numerical simulation techniques for solidification
and melting of the metal PCM. For this purpose, thermo-
physical properties of metal PCM in the molten state are
necessary, but it is difficult to measure them with high
accuracy, and there are only a few reported cases. In addi-
tion, there is of course no data at all on the new PCMs
proposed by Shimizu and Nomura [1].

In our laboratory, we are developing a high tempera-
ture thermophysical property measurement system (PRO-
SPECT) that can measure thermophysical properties of
metals and alloys with high accuracy by combining the
electromagnetic levitation (EML) method and static mag-
netic field [5–14]. In this study, we focus on ADC12 and
Al–5.9Si–1.6Fe (in mass%) as metal PCMs and aim to pro-
vide the density and surface tension of these alloys in the
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molten state as a function of temperature. ADC12 is a type
of aluminum alloy commonly used in aluminum die casting,
and its composition is shown in Section 2.1. Prior to the mea-
surement of these two alloys, densitymeasurements were first
performed on three Al–Si binary alloys (Al–12.2Si, Al–50Si, and
Al–90Si in atomic%) as a feasibility study.

2 Experimental

2.1 Samples and differential scanning
calorimeter (DSC) measurement

Three types of Al–Si binary alloys (Al–12.2Si, Al–50Si, and
Al–90Si in atomic%) were prepared by arc melting after
weighing the desired amount of Al (99.99 mass%) and high-
purity Si (impurity concentration of O: 1016 atoms·cm−3, C:
1015 atoms·cm−3).

ADC12 (Fukuoka Alumi Industry Co., Ltd., Japan) and
Al–5.9Si–1.6Fe (in mass%) alloy were used in the experi-
ments in this study. The Al–5.9Si–1.6Fe alloy was synthesized
from granulated Al (99.5 mass%, Kojundo Chemical Laboratory
Co., Ltd. Japan), Si (99.999 mass%, Kojundo Chemical
Laboratory Co., Ltd. Japan), and Fe (99.98 mass%, Alfa
Aesar, United States) (provided by Dr. Nomura of Hokkaido
University) [1]. The chemical compositions of these samples
are shown in Table 1.

When measuring sample temperature by the EML
method, it is necessary to know the liquidus temperature
of the sample in advance because the pyrometer needs to
be corrected by the liquidus temperature. Thermal ana-
lysis of ADC12 was performed using a DSC (STA449 F3,
NETZSCH-Gerätebau GmbH, Germany) to determine the
liquidus temperature. Calibration of the DSC was per-
formed in advance using In, Sn, Bi, Al, Ag, and Au as refer-
ence materials. The container and lid were made of
alumina, and approximately 10mg of the reference material
was placed in the container. The temperature was raised
and lowered at 10 K·min−1. Thermal analysis of ADC12 was
also performed at the same mass and under the same
heating and cooling conditions as the standard samples.

The liquidus temperature of Al–5.9Si–1.6Fe was the
reported value (897 K) measured by the same DSC method
by Shimizu and Nomura [1].

2.2 Density measurement

For density measurements, the high-temperature thermo-
physical property measurement system (PROSPECT) devel-
oped in our laboratory was used (Figure 1). This system
mainly consists of an EML device, a superconducting magnet,
a laser for heating, a radiation thermometer, a high-speed
camera, and gas supply and exhaust systems. For the EML
experiments, the alloys were cut into pieces of about 0.4 g.
The sample surfaces were polished to remove the oxide film
just prior to experiments. The sample was set in the chamber.
The chamber was evacuated to about 1.0 × 10−3 Pa by a turbo-
molecular pump, and then the chamber was filled with an
Ar–5 vol.%H2 gas mixture that was passed through a magne-
sium deoxidation column heated at 823 K to reduce the
oxygen partial pressure to 10−28 atm (10−23 Pa). This oxygen
partial pressure was measured with an oxygen sensor after
Mg deoxidation and before it was introduced into the
chamber. The samplewas then electromagnetically levitated
and melted. The levitation coil used for this measurement is
also shown in Figure 1. A coil with high symmetry and a
wide coil gap was used for the density measurement, and a
tapered coil with high heating efficiency was used for the
surface tension measurement.

A superconducting magnet was used to apply a static
magnetic field of 2 to 3 T to the levitated sample droplets to
suppress their translational motion and surface oscillation.
The temperature of the sample droplets was controlled by
the heating laser, the current value of the EML coil, and the
He gas flow rate blown onto the sample. A semiconductor
laser (wavelength of 940 nm; maximum power of 75W;
Hamamatsu Photonics K.K., Japan; SPOLD L12333–511) was
used for the heating laser.

The temperature of the sample droplet was measured
using a radiation thermometer (temperature range: 450–2,500°C,
spectral range: 1.45–1.8μm; IGA140/MB25, IMPAC Pyrometers,
LumaSense Technologies, Germany) from the bottom of
the droplet, but measurement was difficult at low tem-
peratures because an oxide film was formed at the bottom
of the sample. Therefore, another radiation thermometer
(temperature range: 400–3,100°C, wavelength: 1.31 μm; IR-
CAQ3CS, CHINO Corporation, Japan) was also installed diag-
onally above the sample to measure the temperature above
the sample. Two optical filters (model number: RSF-25C-
1064RU, Sigmakoki Co. Ltd., Japan) were placed in front of

Table 1: Chemical compositions of samples

Chemical composition (mass%)

Al Si Fe Cu Mn Mg Zn Ti

ADC12 Bal. 10.24 0.80 1.89 0.01 0.21 0.48 0.11
Al–5.9Si–1.6Fe Bal. 5.9 1.6 —
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the upper radiation thermometer to prevent influence from
the heating laser on the upper radiation thermometer.
Temperature calibration was performed using the liquidus
temperature of both samples, and temperatures were
evaluated assuming constant spectral emissivity at the mea-
surement wavelength of the radiation thermometer at tem-
peratures other than the liquidus temperature.

To capture the projected image of the sample droplet, a
YAG laser (532 nm) was irradiated horizontally onto the dro-
plet and the projected image of the droplet was acquired
using a high-speed camera (frame rate: 500 fps, acquisition
time: 10 s). Each image was recordedwith a resolution of 500
× 500 pixels as shown in Figure 1.

Assuming that the droplet was vertically axisymmetric,
the volume was determined from the obtained images [5–9].
After measuring the projected image of the droplet, the
length per pixel was determined by taking nine images of
a stainless-steel reference sphere with a diameter of 7.0mm
near the sample levitation position at room temperature.
The droplet radius r(θ) was obtained by fitting the droplet
edges using the Legendre polynomial (Pn(x) up to n = 5) with
coefficient an:
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The mass of the sample was measured using an elec-
tronic balance before and after the levitation experiment,
and the average value was used. Density was determined
from the volume and mass obtained.

2.3 Surface tension measurement

Surface tension was determined by the droplet oscillation
method [5]. For droplets levitated by electromagnetic forces
under gravity, the surface tension (σ) was determined from
the Rayleigh equation as modified by Cummings and Black-
burn [15–17]:
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where M is the mass of the sample, g is the acceleration of
gravity, and r is the radius of the sample. The value of r
was calculated from density data assuming the droplet to
be spherical. ν2,m is the frequency of surface oscillation

Figure 1: High-temperature thermophysical property measurement system (PROSPECT) for density and surface tension measurements of molten
Al–Si based alloy.
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with m = 0, ±1, or ±2 for the l = 2 mode, and νt is the
frequency of the translational motion of the center of
gravity consisting of m = 0 and ±1 oscillations for l = 1
mode. The time series data Gx, Gy and Gz representing
the horizontal (x, y) and vertical (z) displacements of the
center of gravity were Fast Fourier Transformed (FFT) to
obtain the νt values. Here, the frequency of Gz was the
same as the frequency of the area of the sample images
taken from the top view camera. The values of ν2,m were
obtained by FFT of the R+ and R– time series data. Here,
R+ = Rx + Ry and R– = Rx – Ry, where Rx and Ry are the radii
along the x- and y-axes of the sample images, respectively.
Frequency peaks were assigned according to the rule that
m = 0 is a mode that appears only in the R+ spectrum,m = ± 2
is a mode that appears only in the R– spectrum, andm = ± 1 is
a mode that appears in both the R+ and R– spectrum.

The sample was kept at a constant temperature without
applying a static magnetic field, and the oscillation of the
droplet was recorded by a high-speed camera from the ver-
tical direction at frame rate of 500–125 fps for 10 s. When
measuring surface tension, the optical system above the
sample was removed and only a high-speed camera and a
condenser lens were installed directly on the sample to
increase the amount of light radiated from the sample,
allowing the observation of droplet oscillations as low as
930 K. The temperature of the sample was controlled by
the current value to the EML coil and the He gas flow
rate. By fast Fourier transforming the droplet image, the
frequency of the translational motion of the droplet's center
of gravity and the frequency of the droplet's surface oscilla-
tion were obtained.

3 Results

3.1 Liquidus temperature

Figure 2 shows the results of DSC measurement of ADC12. A
large endothermic peak was observed during the tempera-
ture increase, and the endset temperature was found to be
around 865 K (592°C). Eight samples were used, and the
endset temperature was measured four times repeatedly
per sample. The average of all values was taken, and the
liquidus temperature (TL) of ADC12 was determined to be
865 K. The liquidus temperature of Al–5.9Si–1.6Fe was
reported to be 897 K by Shimizu and Nomura [1].

3.2 Density

Figure 3 shows an example of temperature variation when
the density of molten Al–5.9Si–1.6Fe alloy was measured.
After the temperature calibration of the radiation thermo-
meter was performed at the liquidus temperature, the
temperature of the droplet was stabilized by heating it
with a laser and holding it for a certain time. After that,
the laser power was gradually decreased and the droplet
was cooled with He gas, and the temperature of the dro-
plet was lowered in a stepwise manner. Below about
1,380 K, a thin oxide film was formed in the lower part
of the droplet, but the oxide film did not cover the entire
droplet and remained in the lower part, so the measure-
ment was continued.

Figure 2: DSC profile for ADC12.
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Figure 4 shows the temperature dependence of the
density of ADC12, Al–5.9Si–1.6Fe, and three Al–Si binary
alloys in the molten state. The densities of these alloys all
show a negative temperature dependence and are given in
the form of the following equation.

· ( )= + −−
ρ ρ ρ T T/kg m ,

3

L T L (6)

where ρL is the value of density at the liquidus tempera-
ture and ρT is the temperature coefficient. Table 2 shows the
values of these parameters obtained by linear regression of

the experimental results. The expanded uncertainty is 1.2%,
which is explained in the Discussion.

The figure shows the recommended density values
for pure Al reviewed by Assael et al. [18] together with
the density of pure Si measured by Mizuno et al. [19] using
the EML method with a static magnetic field and the
results for Al–Si alloys measured by Schmitz et al. [20]
using the EML method. The composition dependence of
these data is discussed in terms of molar volume in the
Discussion.

Figure 3: Temperature variation for the density measurement of molten Al–5.9Si–1.6Fe alloy.

Figure 4: Temperature dependence of the density of ADC12 (red circle), Al–5.9Si–1.6Fe (violet square), and three Al–Si binary alloys (Al–12.2Si (blue
diamond), Al–50Si (yellow diamond), and Al–90Si (green diamond)) in the molten state. Literature data: density of Al recommended by Assael et al.
[18] (dash-dot-dash line), Si reported by Mizuno et al. [19] (dashed-two dotted line), and Al–Si alloys reported by Schmitz et al. [20] (dotted line).
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3.3 Surface tension

Similar to the density measurement, the surface tension
measurement was performed by heating and holding the
sample uniformly melted, then lowering the sample tem-
perature in a stepwise manner while measuring the oscil-
lation of the droplets with a high-speed camera. Figure 5
shows an example of peak identification based on the fast
Fourier transform of the center-of-gravity shift and surface
oscillation of molten Al–5.9Si–1.6Fe.

The results of surface tension measurements of molten
ADC12 and Al–5.9Si–1.6Fe are shown in Figure 6. The surface
tension was found to have a negative temperature depen-
dence over the measurement temperature range. The least-
squares approximation of the temperature dependence as a
linear function of temperature is expressed by the following
equation.

· ( )= + −−
σ σ σ T T/mN m ,

1

L T L
(7)

where σL is the value of surface tension at the liquidus
temperature and σT is the temperature coefficient. Table 3
shows the values of these parameters. The expanded uncer-
tainty is 2.3%, which is explained in the Discussion.

The figure also shows the surface tension of Al–Si
alloys measured by the droplet oscillation method using
the EML method by Kobatake et al. [22] and by the sessile
drop method using graphite substrates by Dou et al. [23]
and by the sessile drop method using Al2O3 substrates
by Takahashi et al. [24]. The sessile drop method with dif-
ferent substrates shows significantly different values. This
may be due to the interfacial reaction between the sub-
strate and the droplet. The results of this study and those
of Kobatake et al. [22] are discussed in terms of composi-
tion dependence, which is discussed in the Discussion.

Table 2: Summary of the density of Al–Si based alloys measured in this study in the molten state

Sample Liquidus temp. TL/K Density at TL ρL/kg·m−3 Temp. coefficient ρT/kg·m−3·K−1 Temp. range/K

ADC12 865 2,492 −0.2652 835–1,639
Al–5.9Si–1.6Fe 897 2,448 −0.2647 866–1,580
Al–12.2Si (at%) 850 2,451 −0.3263 1,169–1,454
Al–50Si (at%) 1,334 2,455 −0.2274 1,340–1,648
Al–90Si (at%) 1,663 2,524 −0.1825 1,485–1,774

Liquidus temperatures for the Al–5.9Si–1.6Fe alloy were taken from the data of Shimizu and Nomura [1], while those for the Al–Si alloy were read
from the phase diagram [21].

Figure 5: An example of center-of-gravity translation frequency (left) and surface oscillation frequency (right) of Al–5.9Si–1.6Fe (sample mass:
0.4433 g) at 1,128 K.
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4 Discussion

4.1 Compositional dependence of molar
volume

Schmitz et al. [20] measured the density of molten Al–Si
alloys of various compositions as a function of temperature
and composition up to a Si concentration of 50 at% using
the EML method. Since the ADC12 and Al–5.9Si–1.6Fe we
measured in this study are Al–Si–Cu ternary alloy and
Al–Si–Fe ternary alloy (see Table 1), direct comparison is
difficult. Here, the molar volumes of molten ADC12 and
Al–5.9Si–1.6Fe were calculated as an Al–Si binary system
and compared with the results of Schmitz et al. Figure 7
shows the Si concentration dependence of the molar volume
of molten Al–Si binary alloy at 1,400 and 1,600 K. The molar
volume was calculated using the recommended density data
for pure Al as reviewed by Assael et al. [18]. The molar
volume of pure Si was calculated using the density data mea-
sured by Mizuno et al. [19] using the EML method under a

staticmagnetic field. The results of Al–Si binary alloys including
this study and Schmitz’ data almost followed the ideal solution
model, while the results for ADC12 and Al–5.9Si–1.6Fe alloys
deviated negatively from the ideal solution model. The molar
volume deviation by 3–4% is considered to be due to the influ-
ence of 1.89% Cu in ADC12 and 1.6% Fe in Al–5.9Si–1.6Fe.

4.2 Compositional dependence of surface
tension

Figure 8 shows the composition dependence of the surface
tension of Al–Si binary alloys at 1,400 and 1,600 K. The data
for ADC12 and Al–5.9Si–1.6Fe alloys obtained in this study
are plotted in the same figure as the Al–Si binary system.
The experimental results measured by Kobatake et al. [22]
at various compositions are also plotted.

According to the Butler model [25,26], the surface ten-
sion of an Al–Si melt is given by equation (8) or equa-
tion (9).

Figure 6: Temperature dependence of the surface tension of ADC12 (red circle) and Al–5.9Si–1.6Fe (violet square) in the molten state. Literature data: surface
tension of Al–Si alloys measured by EML method by Kobatake et al. [22] (dotted line), Al–20Si measured by sessile drop method using graphite substrate by
Dou et al. [23] (dash-dot-dash line), and Al–Si alloys measured by sessile drop method using Al2O3 substrate by Takahashi et al. [24] (grey square).

Table 3: Summary of the surface tension of Al–Si based alloys measured in this study in the molten state

Sample Liquidus temp. TL/K Density at TL σL/mN·m−1 Temp. coefficient σT/mN·m−1·K−1 Temp. range/K

ADC12 865 893 −0.0786 932–1,593
Al–5.9Si–1.6Fe 897 869 −0.0947 969–1,729

Liquidus temperatures for the Al–5.9Si–1.6Fe alloy were taken from the data of Shimizu and Nomura [1].
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where R is the gas constant, and σX, NX, and G
X

ex are the
surface tension, mole fraction, and partial molar excess
Gibbs energy of X (= Al or Si), respectively. AX represents
the surface area in a monolayer of pure liquid X, which is
given by equation (10) using Avogadro constant (No), molar
volume of X (VX) and constant L.
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where VX is obtained from the density of X and the constant L
is 1.091, which is used for liquid metals [26]. N

X

s and G
X

ex,s

represent the molar fraction of X and the partial molar excess
Gibbs energy in the hypothetical “surface phase.” G

X

ex,s is
related to G

X

ex by the following equation, where the value
of β is reported as 0.83 for liquid alloys [26].
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The partial molar excess Gibbs energy is obtained
from equations (12) and (13) using the molar excess Gibbs
energy of the alloy.
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Figure 7: Compositional dependence of the molar volume of molten Al–Si binary alloy at 1,400 and 1,600 K. This study (red circle), Schmitz et al. [20]
(grey diamond), pure Al [18] and pure Si [19] (open circles), and ideal solution approximation (dashed lines).

Figure 8: Compositional dependence of the surface tension of molten Al–Si binary alloy at 1,400 and 1,600 K. This study (red circle), Kobatake et al. [22]
(grey triangle), and Butler model (dashed lines).

Table 4: Parameters used in the Butler model for molten Al–Si alloy

Parameter Ref

Surface tension of Al, σAl/mN·m−1 979 − 0.271(T − 933) [22]
Surface tension of Si, σSi/mN·m−1 826 − 0.412(T − 1,685) [22]
Density of Al, ρAl/kg·m

−3 2377.23 − 0.311(T − 933) [18]
Density of Si, ρSi/kg·m

−3 2,580 − 0.184(T – 1,687) [19]
L0/J·mol−1 −11340.1 − 1.23394T [27]
L1/J·mol−1 −3530.93 + 1.35993T [27]
L2/J·mol−1 2265.39 [27]
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The molar excess Gibbs energy is given by using the
interaction parameters (L0, L1 and L2) of the Redlich-Kister
polynomial [27] as follows,
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The parameters used in the Butler model are shown in
Table 4. Using these parameters, equations (8) and (9) can
be solved as simultaneous equations to obtain the compo-
sition dependence of surface tension.

The composition dependences calculated by the Butler
model are shown as dashed lines at 1,400 and 1,600 K. The
results of the Butler model indicate that the Al–Si binary
alloy is not a system in which one element is strongly
localized on the surface, and that its surface tension has
a moderate composition dependence. The data of ADC12
and Al–5.9Si–1.6Fe alloys measured in this study are also
consistent with the results of Kobatake et al. [22] and the
behavior of the Butler model.

The larger deviation from the Butler model at 1,400 K
than at 1,600 K in the Kobatake et al. data [22] is thought to
be due to the extrapolation of the surface tension of pure Si
to the large undercooling region. Surface active elements
such as oxygen greatly affect both the absolute value of the
surface tension of molten Si and its temperature coeffi-
cient, and this should be considered when extrapolating.

4.3 Uncertainty evaluation in density
measurement

An example of uncertainty evaluation in density measure-
ment is shown in Table 5. Among the uncertainty factors,
both volume uncertainty (u(V)) and mass uncertainty
(u(M)) contributed significantly to the uncertainty of
the density measurement. The expanded uncertainty
was estimated to be 1.2%, which is twice the value of
the combined standard uncertainty calculated from each
uncertainty factor.

4.4 Uncertainty evaluation in surface
tension measurement

The uncertainty evaluation in the surface tension measure-
ment is shown in Table 6. The uncertainty of the oscillation
frequency was evaluated from the standard deviation of the
results of tenmeasurements made on the same sample and at
the same temperature. Among the uncertainty factors, the
standard deviation of the oscillation frequency was found
to contribute significantly to the overall uncertainty. The
expanded uncertainty, which is twice the combined standard
uncertainty calculated from each uncertainty factor, was esti-
mated to be 2.3%.

Table 5: Uncertainty evaluation in density measurement of Al–5.9Si–1.6Fe at 1,551 K (ρ = 2,265 kg·m‒3)

Factor Standard uncertainty u Sensitivity coefficient Contribution (kg·m‒3)

Uncertainty of volume: u(V) u2(V) = u12(V) + u22(V) ·= ×‒1.10 10 kg m
ρ

V

∂

∂

10 ‒6 ‒12.9
1.18 × 10‒9 m3

Variation of volume: u1(V) 6.58 × 10‒10 m3
·= ×‒1.10 10 kg m

ρ

V

∂

∂

10 ‒6 ‒7.2

Conversion from pixels to real length: u2(V) 9.75 × 10‒10m3
·= ×‒1.10 10 kg m

ρ

V

∂

∂

10 ‒6 ‒10.7

(Accuracy of micrometer: u(r)) ( 1

3
× 10‒6 m) ⎛

⎝ = × ⎞
⎠1.69 10 m

V

r

∂

∂

‒4 2

(u2(V) = 9.75 × 10‒10m3)

Uncertainty of mass due to evaporation loss: u(M) 9.10 × 10‒6 kg = ×4.85 10 m
ρ

M

∂

∂

6 ‒3 4.4

Combined standard uncertainty u(ρ) 13.6
Expanded uncertainty U = 2u(ρ) 27.3 (1.2%)

Table 6: Uncertainty evaluation in surface tension measurement of ADC12 at 1,448 K (σ = 851 mN·m‒1)

Factor Standard uncertainty u Sensitivity coefficient Contribution (mN·m‒1)

Uncertainty of oscillation frequency: u(σR) 0.35 Hz · ·= = ×4.26 10 N m s
σ

ν

πMν∂

∂

3

4

‒2 ‒1

R

R 14.9

Uncertainty of mass due to evaporation loss: u(M) 3.67 × 10‒6 kg
· ·= = ×2.03 10 N m kg

σ

M

πν∂

∂

3

8

3 ‒1R

2 7.5

Combined standard uncertainty u(σ) 16.7
Expanded uncertainty U = 2u(σ) 33.3 (2.3%)
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5 Conclusion

In this study, the density and surface tension of Al–Si based
alloys in the molten state were measured by EML. During
density measurements, a static magnetic field was applied
to suppress droplet oscillations. The density of three Al–Si
binary alloys (Al–12.2Si, Al–50Si and Al–90Si in atomic%) and
an Al–Si base alloy (ADC12 and Al–5.9mass%Si–1.6mass%Fe)
were measured as a function of temperature with expanded
uncertainty of 1.2%. In addition, the surface tension of the
alloys was measured by the droplet oscillation method and
obtained as a function of temperature with expanded uncer-
tainty of 2.3%.
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