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Reliable thermophysical data form the basis of any accurate solidification simulation. For the liquid phase of
high-temperature metallic alloys, such data are scarce. In recent years, containerless methods, in particular
electromagnetic levitation, have paved the way for noncontact measurement methods allowing precise determination
of crucial thermophysical properties such as density, thermal expansion, and surface tension for this class of
materials. Systematic investigations of the thermophysical properties of copper-based, nickel-based, and aluminum-
based alloys have been carried out by the authors. This paper reviews the noncontact methodology used and
provides a listing of the results obtained so far. Densities are discussed in terms of molar and excess volumes,
whereas surface segregation is the key to understanding surface tensions of alloys.

Introduction

The precise knowledge of thermophysical properties becomes
increasingly important as progress is made in numerical
simulations of complex processes,1 such as casting, welding,
and surface treatment. Of particular importance are heat and
mass flow in the liquid phase which significantly depend on
thermophysical properties like surface tension and density. This
can be most easily seen by considering the two dimensionless
numbers characterizing buoyancy and surface tension driven
convection, namely, the Rayleigh number Ra

Ra ) L4∇TgF�
κη

(1)

and the Marangoni number Ma

Ma ) L2Dγ
κη

(2)

In these definitions, L is a characteristic length, ∇T a
temperature gradient, g the gravitational acceleration, F the
density, � ) -F-1∂F/∂T the thermal expansion, κ the thermal
diffusivity, η the viscosity, and, finally, Dγ the total differential
of γ, given by

Dγ ) ∂γ
∂T

∇T + ∂γ
∂c

∇c (3)

where the second term takes into account a concentration
dependence of the surface tension of an alloy. As can be seen,
convection is dominated by the derivatives of density and surface
tension. While the temperature derivatives of these quantities
can be considered constant over a wide temperature range, this
is not the case for their concentration dependence.

With the improvement of the algorithms, the quality of a
numerical simulation is limited by the accuracy of the input
parameters characterizing the material under study. This is
clearly shown in a quantitative way by recent sensitivity

analyses.2,3 Reliable data exist for low temperature liquids, but
the situation is different for high temperature melts, like liquid
metals with a melting temperature above 1300 K, typically. At
these high temperatures, it is difficult to find a container that
does not contaminate the specimen under investigation. The
most comprehensive collection of data, apart from commercial
databases, can still be found in the “Handbook of Physico-
chemical Properties at High Temperatures”, published by the
Iron and Steel Institute of Japan.4

For liquid metals, electromagnetic levitation provides con-
tainerless processing capabilities. An inhomogeneous rf elec-
tromagnetic field B exerts a Lorentz force F ∝ 3B2 on a metallic
sample and lifts it against gravity. The ohmic power losses P
∝ B2 of the induced eddy currents in the sample heat and
eventually melt the sample. In combination with noncontact
diagnostic tools, this method is best suited for the study of liquid
metals. Containerless processing has the additional advantage
that liquid metals can be easily undercooled: due to the absence
of container walls, the number of heterogeneous nucleation sites
is greatly reduced, and nucleation is delayed. There is, however,
one shortcoming of electromagnetic levitation: the electromag-
netic fields not only lift and heat the sample but also deform its
shape and induce potentially turbulent flows in the sample. These
undesired side effects cannot be eliminated on Earth. For this
reason, experiments under microgravity conditions are useful
and have been performed.5,6

It is the main objective of this paper to provide a guide to
recently obtained sets of highly reliable data measured by
noncontact methods for a number of technically relevant binary
and ternary metallic alloys. This paper focuses on two crucial
thermophysical properties, namely, surface tension and density.
For the latter, the discussion is based on the concept of molar
excess volume,7 while the Butler equation8 provides the basis
for understanding surface tensions of alloys. As most of the
original data have been published previously, we restrict
ourselves to representative examples and a synopsis of the
available literature.
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Density

Densities of levitated samples are commonly measured using
videography. In terrestrial levitation, samples are not spherical
but slightly elongated due to the action of gravity and the
electromagnetic field. However, their static equilibrium shape
is still rotationally symmetrical around the vertical axis (parallel
to the gravity vector). Therefore, images are taken perpendicular
to this axis, and the volume V of a rotationally symmetrical
body is calculated. The mass m of the sample is known; it is
weighed before and after the measurement. The density of the
sample is then obtained from

F ) m/V (4)

To maintain a temperature-independent contrast, the sample
is illuminated from behind by monochromatic parallel laser light,
and shadowgraphs are taken instead of direct images of the
incandescent sample. In a first step, the software detects the
edge of the sample for approximately 1000 snapshot images
and calculates their average to remove potentially asymmetrical
dynamic surface oscillations. In a second step, the shape of the
average curve is fitted with a series of Legendre polynomials,
and the volume is obtained from integration. This procedure
leads to an error in density of less than 1 %.

For the thermal expansion, � ) -(∂F/∂T)F-1, the accuracy
is less and can be estimated as (5 to 10) %. A detailed discussion
has been given in ref 9.

The behavior of the density of alloys is best discussed in
terms of the (molar) volume, because this is an extensive
quantity in the thermodynamic sense. The molar volume of a
binary alloy with elements A and B can be written as

V(cA, cB) ) cAVA + cBVB + VE(cA, cB) (5)

where cA and cB are the concentrations; VA and VB are the molar
volumes of the two alloy elements; respectively, and V E is the
so-called excess volume. Most conveniently, it can be expanded
into Redlich-Kister polynomials.10 To the lowest order in cA

and cB, V E can be written as V E(cA, cB) ) cAcBV x, where V x is
a constant. In the case of a vanishing excess volume, eq 5
reduces to a simple linear combination of molar volumes Vi,
which is often referred to as Vegard’s law.11

An example for this case is the binary alloy system Ag-Cu
whose molar volume is shown in Figure 1 for T ) 1270 K as
a function of the copper concentration. The data points collapse
on the straight dashed line corresponding to eq 5 with V E ) 0.
Hence, the molar volumes and the densities can be interpolated
from the pure elements in this specific case.

For the vast majority of alloys, however, an excess volume
which is either positive or negative has to be taken into account.
This is demonstrated in Figure 2a and 2b for the binary alloys
Al-Cu and Cu-Fe. In both figures, the experimental data points
deviate from the linear (ideal) law with zero excess volume. In
Figure 2a, this deviation is toward smaller values which
corresponds to a negative excess volume, V E < 0. In Figure 2b,
it is the other way around. Both examples demonstrate the
validity of eq 5 with the constant V x being used as a fit
parameter. The fit is shown by the solid lines in both diagrams
which agree well with the experimental data.

It has been argued that the excess volumes are correlated with
the enthalpies of mixing, which is physically plausible; it was
shown, however, that this is not the case.9

Although a negative excess volume in amorphous binary
alloys can be obtained using a bimodal distribution of solid
spheres in model experiments,12,13 the absolute value thus
obtained is too low compared to experimental data on liquid
metallic alloys, indicating that the observed excess volume
cannot be explained based on geometrical arguments alone.
Furthermore, a positive excess volume is only found in
numerical simulations if more realistic interaction potentials of
Lennard-Jones type with an attractive long-range part are used.14

During the past few years, we have measured the densities
of a number of pure elements and binary alloys. Our data for
the pure elements are shown in Table 1 in the form F(T) )
FL - F′(T - TL), where TL is the liquidus temperature. All metals
show a positive thermal expansion in the liquid phase, ∂F/∂T <
0. The references to density data of binary alloys are shown in
the lower left part of Table 2. In addition to pure elements and
binaries, we have also studied the ternary systems Cu-Fe-Ni,

Figure 1. Molar volume, V, of liquid Ag-Cu at T ) 1270 K (symbols),
obeying eq 5 with V E ) 0 (dashed line) versus copper concentration.

Figure 2. (a) Molar volume of Al-Cu at T ) 1020 K (symbols) versus copper concentration obeying eq 5 with V E < 0 (solid line). (b) Molar volume of
Fe-Cu at 1760 K (symbols) versus copper concentration, obeying eq 5 with V E > 0 (solid line). For comparison, both plots show eq 5 with V E ) 0 (dashed
lines).
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Cu-Fe-Co, Cu-Co-Ni, and Al-Cu-Ag extensively. Fur-
thermore, a number of specific technical alloys have been
investigated. References to these data are given in Table 3. On
the basis of our data, we found the following general trends for
the density:

• Alloys consisting of elements with a similar electronic
configuration have no excess volume. Such alloys are Ni-Fe,
Co-Fe, Cu-Ag, Cu-Au, and Au-Ag.

• Copper-based alloys containing a transition metal showed
a positive excess volume. Alloys for which we found such a
behavior are: Cu-Fe, Cu-Co, Cu-Fe-Ni, and Cu-Co-Fe.
These alloys also exhibit a metastable liquid miscibility gap.
The only exception in this class may be Cu-Ni and Cu-Ni-Co
for which V E < 0 was found.9

• Al-based alloys, such as Al-Fe, Al-Ni, Al-Cu, and
Al-Cu-Ag, show a strongly negative excess volume. These
alloys are usually characterized by an exothermic mixing
behavior, and their phase diagrams exhibit intermetallic phases.

Surface Tension

The oscillating drop technique is an elegant way to measure
the surface tension γ. It employs digital image processing for
frequency analysis of surface oscillations. The surface of a liquid
droplet undergoes oscillations sustained by its surface tension.
The frequencies of the oscillations are therefore related to the

surface tension. If the equilibrium shape of the droplet is
spherical, the lowest observable frequency is the Rayleigh
frequency ωR given by

ωR
2 ) 32π

3
γ
m

(6)

where m is the mass of the droplet. A spherical shape is obtained
only if the droplet is free of external forces. This situation is
well approximated in microgravity. Under terrestrial conditions,
the above relation is not valid: the external fields lead to a
splitting of the single frequency into five shifted frequencies
ω2,m. These effects can be taken into account by using the
following correction formula derived by Cummings and Black-
burn24

32π
3

γ
m

) 1
5 ∑

m

ω2,m
2 - 1.9Ωtr

2 - 0.3(Ωtr
2)-1(g/a)2

(7)

Here, Ωtr
2 is the mean of the squared translational frequencies

of the sample in the potential of the levitation field; a is the
radius of the drop; and g is the gravitational acceleration. It has
been shown that by applying this correction to surface tension
data obtained by the oscillating drop technique on Earth a
spurious mass dependence can be eliminated.25 Egry and co-
workers have performed microgravity experiments on a
gold-copper alloy.26 These experiments clearly show a single
peak in the oscillation spectrum, and furthermore, they yield
values for the surface tension which are in excellent agreement
with terrestrial data only if the latter are corrected according to
eq 7. After such correction, the accuracy of surface tension data
measured by the oscillating drop technique is better than 5 %.
As in the case of thermal expansion, the error in the temperature
coefficient ∂γ/∂T is larger and is about 20 %. As ∂γ/∂T ) -sγ,
where sγ is the surface entropy, it is always negative for pure
elements.

The major experimental difficulty in surface tension measure-
ments at high temperatures lies in the control of the processing
atmosphere and the purity of the sample material. Oxygen and
sulfur are both surface active in liquid metals. Already, a few
parts per million of soluble oxygen can lead to a reduction of
the surface tension by more than 10 %32 and even to a reversal
of the sign of ∂γ/∂T. The influence of oxygen on the surface
tension has been studied by Mukai33 for Si and, more generally,
by Hibiya.34 It is most conveniently described by Belton’s
equation

γ ) γ0 - RT ln(1 + K0pO2

1/ 2) (8)

where γ0 is the surface tension in the absence of oxygen; R is
the universal gas constant; pO2

is the oxygen partial pressure;
and K0 is the adsorption coefficient, which is related to excess
thermodynamic enthalpy ∆H and entropy ∆S by

K0 ) exp(-∆H - T∆S
RT ) (9)

Oxygen may come from the processing atmosphere (even 6N
purity bottles of inert gases contain oxygen), leaks of the process
chamber and gas lines, a substrate, or the sample itself. In
containerless processing, contamination from a substrate can
be excluded, and the samples can be purified in situ by
overheating the melt to a temperature where volatile oxides form
which can be pumped out. Contamination due to process gas
and leakage could only be avoided by processing under ultrahigh
vacuum. In most cases, however, the high evaporation rates of

Table 1. Density and Surface Tension Data for Pure Liquid Metals,
Measured by Electromagnetic Levitation at DLR

TL FL F′ γ γ′
element K g · cm-3 10-4 g · cm-3 ·K-1 ref Nm-1 10-4 N ·m-1 ·K-1 ref

Ag 1235 9.15 7.4 15 0.91 1.8 16
Al 933 2.35 2.0 15 0.88 2.0 17
Au 1337 17.4 11 18 1.12 0.9 16
Co 1773 7.81 8.85 19 1.89 3.3 20
Cu 1357 7.90 7.65 9 1.29 2.34 21
Fe 1811 7.04 10.8 9 1.92 3.97 21
Ni 1727 7.92 10.1 9 1.77 3.3 21
Si 1683 2.52 3.53 22 0.784 6.5 23

Table 2. Thermophysical Data for Pure Elements and Binary
Alloys, Measured at DLRa

a Upper right: references to surface tension data. Lower left:
references to density data.

Table 3. References to Density and Surface Tension Data for
Liquid Ternary and Multicomponent Alloys, Measured by DLR

alloy density surface tension

Cu-Fe-Ni 41 41
Cu-Fe-Co 19 19
Cu-Co-Ni 42 42
Al-Cu-Ag 43 44
Ti-6 atom % Al-4 atom % V 45
Ti-44 atom % Al-8 atom % Nb 46 46
CMSX-4 47
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liquid metals prohibit such an approach. Nevertheless, it is fair
to say that containerless processing is less prone to oxygen
contamination than container-based methods.

According to Gibbs, the surface can be treated as a separate
thermodynamic phase which is in thermal equilibrium with the
bulk. As a consequence, the surface tension of an alloy can be
calculated from thermodynamic principles. The most common
model used is due to Butler,8 who treated the surface as a
monolayer, with surface thermodynamic potentials of the same
functional form as the bulk phases, but reduced in strength by
the percentage of missing atomic bonds at the surface. For binary
alloys, Butler’s equation reads

γAB(T) ) γA + RT
AA

ln(1 - cS
B

1 - cB
B
) +

1
AA

{∆GA
S (T, cS

B) - ∆GA
B(T, cB

B)}

) γB + RT
AB

ln(cS
B

cB
B
) +

1
AB

{∆GB
S(T, cS

B) - ∆GB
B(T, cB

B)}

(10)

Here, γA and γB are the surface tensions of the pure elements;
T is the temperature; R is the universal gas constant; AA and AB

are the surface areas occupied by atoms of species A and B;
cS

B is the concentration of species B at the surface; ∆GB
A,B are

the partial Gibbs excess free energies of species A or B,
respectively, in the bulk; and ∆GS

A,B is the same quantity for
the surface. According to Tanaka,35 ∆GS can be put to ∆GS )
0.75∆G B for liquid metals. Finally, the specific surface areas
can be calculated from the molar volumes according to AX )
1.091(NA)1/3VX

2/3 (X ) A,B), where NA is Avogadro’s constant.
Equation 10 is an equation for the unknown surface concentra-
tion cS

B. Once it is solved, γAB follows directly. The extension
of the Butler approach to multicomponent alloys is possible,
but cumbersome. For such systems, a different formulation,
based on the original Gibbsian approach, has been suggested
and applied to the ternary system Ag-Au-Cu.36

For the case of vanishing excess Gibbs energies, eq 10 can
be solved analytically. This yields the ideal solution model,

which takes into account the entropy of mixing only. In the
ideal solution model, the surface tension γAB is given by

γAB )
γAcA

cA + cB/S0
+

γBcB

cB + cAS0
(11)

with the segregation factor S0 given by37

S0 ) eA(γB-γA) /RT (12)

Here A ) AA ) AB is the specific surface area as before, assumed
to be the same for both species. Although quantitatively
incorrect, the ideal solution model describes the most prominent
feature of liquid alloys qualitatively correctly: surface segrega-
tion. In an alloy, the component with the lowest surface tension
tends to segregate at the surface to reduce the system’s total
energy. The segregation profile is determined by the interplay
between energetic and entropic effects. Surface segregation leads
to a concave shape of the surface tension as a function of
concentration, i.e., a lowering of the surface tension below the
linear interpolation between the two constituent elements. This
is shown in Figure 3a for Cu-Fe as an example. The excess
free enthalpy is positive for this alloy, and the surface tension
is generally lower than expected for the ideal solution. As
predicted from the Butler equation, pronounced segregation of
copper takes place at the surface layer. The surface mole fraction
of copper is larger than 80 % already for small copper bulk
mole fraction of cB

Cu > 15 %.
The Al-Ni system, displayed in Figure 3b, represents an alloy

which is characerized by the presence of intermetallic solid phases
in the phase diagram and excess free enthalpies ∆GB

A,B , 0. As
visible in Figure 3b, the surface tension plot has a convex shape
and lies above the ideal solution curve and the linear interpolation.
The remarkable feature in this plot is a broad maximum around
an Al mole fraction of 50 % following a dip at approximately 25
%. This behavior can be explained by the presence of associates
or clusters in the melt which prevent segregation of the otherwise
surface-active species at the surface. A quantitative description of
such behavior is possible in the framework of the compound
formation model.38 A simple model,37 based on an extension of
the segregation factor S0, is capable of fitting the data correctly.
This is also shown in Figure 3b.

Generally speaking, one may state that alloys with a demixing
tendency, i.e., with interactions favoring homoatomic pairs, tend
to show stronger segregation and a negative deviation from ideal
solution, while the opposite is true for systems which prefer

Figure 3. (a) Surface tension of Cu-Fe at 1970 K versus copper mole fraction (symbols) showing a steep decrease at small concentrations. Shown is also
a plot of the solution of the Butler equation (solid line) and of the ideal solution model (dashed line). (b) Surface tension of Ni-Al at 1670 K versus
aluminum concentration (symbols) with the appearance of a shoulder. The solid line corresponds to a simple model for the effect of associate formation, the
dashed line to the ideal solution model.
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heteroatomic pairs, in particular those displaying stable solid
intermetallic compounds.

The temperature coefficient, ∂γ/∂T, can have both signs for
an alloy since the surface concentrations differ from those in
the bulk, giving rise to chemical ordering effects.

The surface tensions of the pure elements have been compiled
by Keene39 and recently updated by Mills.40 Our own data are
shown in Table 1 in the form γ(T) ) γL - γ′(T - TL), where
TL is the liquidus temperature. Keene has also reviewed the
surface tension of iron and its binary alloys.32 Tanaka and Iida
have calculated the surface tensions of iron-based alloys using
Butler’s equation and a thermodynamic database.35 References
to our surface tension measurements of binary alloys are given
in the upper right diagonal of Table 2 and in the second column
of Table 3 for multicomponent systems.

Summary and Outlook

Noncontact measurement methods will become the bench-
mark experiments for thermophysical properties of high-
temperature metallic liquids, in particular, if and when these
measurements will be carried out in a microgravity environment.
These data can be used as temperature and concentration
dependent input parameters for complex simulation tools. To
understand multicomponent technical alloys, it is first necessary
to study the basic phenomena, like excess volume and surface
segregation, systematically in the underlying binary system.
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