
International Journal of Thermophysics, Vol. 25, No. 6, November 2004 (© 2004)

Surface Tension Measurements on CMSX-4 Superalloy
by the Drop-Weight and Oscillating-Drop Methods
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The surface tension of the CMSX-4� superalloy has been determined by the
drop-weight and oscillating-drop methods which are well adapted to reac-
tive materials. The recommended values are 1.59 J·m−2 for the surface tension
at the liquidus temperature and −0.14×10−3 J·m−2· K−1 for the temperature
coefficient. A conclusion of the present work is that the interpretation of sur-
face tension measurements performed on a complex alloy generally requires
additional work to be performed on simpler associated binary or ternary sys-
tems, as well as some support from solidification experiments.

KEY WORDS: CMSX-4� superalloy; drop-weight method; electromagnetic
levitation; Ni–Al system; oscillating-drop technique; surface tension.

1. INTRODUCTION

The surface tension (σ ) of liquid metals is of both technical and sci-
entific importance. It can be related to casting and welding processes and
is also relevant for wetting phenomena [1]. Among the different techniques
developed for surface-tension measurements [2], the oscillating-drop tech-
nique has received great attention as this containerless technique offers
the possibility to carry out surface-tension measurements for both the sta-
ble and metastable liquid states, and alternatively under earth or micro-
gravity conditions [3]. In comparison with other methods, it has a wide
range of accessible temperatures, including low melting point as well as
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refractory metals. In order to eliminate potential systematic errors inherent
in this technique, it is of key importance to carry out measurements
with alternative methods, whenever possible. In particular, there is some
interest to compare experiments performed with the drop-weight method.
Indeed, the drop-weight method offers the advantage to provide refer-
ence data of the surface tension at the melting (or liquidus) temperature,
while the oscillating-drop technique, when carried out on earth, is based
on a complex mathematical treatment due to asymmetric droplets and
processing conditions. However, only the oscillating-drop technique can
provide measurements of temperature coefficients of surface tension in the
high-temperature field. More generally, containerless processing by electro-
magnetic [4], electrostatic [5], or aerodynamic [6] levitations should assume
a growing importance for both development (new compositions) and ther-
mophysical property measurements (σ , density, viscosity, etc.) of advanced
high-temperature metallic materials (e.g., Nb-based alloys, Pt-based super-
alloy, etc. [7]).

This work, performed within the ESA-funded Thermolab project,
focuses on the CMSX-4� superalloy. The oscillating-drop technique has
been applied using the electromagnetic levitation facility available at DLR
[4,8]. The pendant-drop configuration has been implemented at the top
of the 48-m high Grenoble drop-tube in the course of nucleation stud-
ies on falling refractory droplets [7]. The operation of this configuration
under ultrahigh vacuum conditions has already allowed us to obtain new
determinations of the surface tension of several refractory metals [9,10],
as well as to get some insight into the physics of the detachment problem
of pendant volumes [11]. More recently, evidence has been gained on the
possibility for the drop-weight method to deliver reliable surface-tension
measurements for alloys at the liquidus temperature [12]. In this context,
the study of the complex CMSX-4� superalloy may appear as a new test
for this method which is attractive for its simplicity. The CMSX-4� is a
Ni-based superalloy that is a registered trademark of the Cannon-Muske-
gon Corporation. It has been developed among other single crystal alloys
containing Re (e.g., PWA 1484, SC 180, René N5, etc.) for a variety of
turbine engine applications [13].

2. EXPERIMENTAL APPROACH BY THE DROP-WEIGHT
METHOD

2.1. Drop-Weight Method

The pendant-drop configuration consists of heating the end of a wire
of the material, which forms a pendant drop on melting. The droplet
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Fig. 1. (a) Schematic for electron bombardment melting. Current I heats the cathode
and promotes thermo-electronic emission. Melting is obtained when applying a negative
voltage (< 1.5kV). A reduction geared motor, giving motorized speeds (a ≈ 2 mm min−1),
moves the wire downward over a maximum distance of 220 mm; (b) monotonic evolution
of the electronic current during elaboration; (c) picture of a CMSX-4 pendant droplet.

growth is driven by a small amount of overheating which has to be com-
pensated by a downward movement of the wire/rod to maintain the pen-
dant volume at the same level (Fig. 1a). The droplet detaches itself from
the rod when the surface tension can no longer balance its increasing
weight. Through this method, surface-tension (σ ) measurements are based
on the release conditions written as

σ = mg◦

2πr◦αF
. (1)

where m is the mass of the collected drop, g◦ is the gravitational acceler-
ation, r◦ is the radius of the cylindrical wire at room temperature and α

is the ratio of the wire diameters between working (melting) and ambient
temperatures (Eq. (2a)) . This ratio is derived from densities of the solid at
the corresponding temperatures (respectively, ρm

sol and ρ◦
sol). F is Harkins’

empirical factor [14] which is plotted as a function of δ =αr◦/V 1/3 where
V is the volume of the droplet (i.e., the ratio of the droplet mass to the
liquid density ρliq at the melting Tm or liquidus Tliq temperatures). It was
later shown that the physical origin of this factor lies within the hydro-
static effect, which is not included in Eq. (1) [11]. The discrepancy between
experimental and theoretical values for F is less than 0.25% for F values
around 0.8 (i.e., 2r◦ of about 1.5 mm). Since the mass is determined with
great accuracy, the ultimate limit for the method is correlated with small
fluctuations of the wire diameter. This explains why this method results
in a high reproducibility of the surface tension. For alloys, each density
(ρo

sol, ρm
sol, and ρliq) is calculated from the values corresponding to the pure

elements assuming the additivity of volumes (see Eq. (2b) where xi is the
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mass percentage of element i in the alloy). On the one hand, the volume
additivity hypothesis is a convenient simplification, but its validity may
be questionable. On the other hand, the drop-weight method offers the
advantage to re-calculate the surface tension using a new set of densities,
if a more accurate set becomes available.

α =
(

ρo
Sol

ρm
Sol

)1/3

ρ =
∑

mi∑
vi

= 100∑
xi/ρi

(2a,b)

2.2. Apparatus and Procedure

Melting of the rod is realized by electron bombardment heating under
ultrahigh vacuum conditions, e.g., ≈10−6 Pa when studying the CMSX-4�
superalloy (Fig. 1a) [9]. Nonetheless, as discussed in a recent paper [12],
secondary vacuum conditions are enough to guarantee the absence of pol-
lution from the environment which is valuable for a more common imple-
mentation of this technique, e.g., for production control. The product of
the measured electronic current i and the voltage V is often of the order
of the theoretical heat lost by both radiation and conduction along the
wire (≈ 1 W in the case of the CMSX-4� superalloy). The efficiency of
the electron bombardment heating is thus very high, which translates into
a relatively low temperature of the tungsten cathode. A simple compari-
son of cathode and refractory droplet brightnesses results in an estimate of
about 2200 K for the cathode temperature. Consequently, pollution from
the cathode can be ignored as the vapour pressure of tungsten (10−8 Pa) is
then below the vacuum level. A number of issues regarding the experimen-
tal conditions (droplet temperature and composition uniformity, wire size)
have been examined in our previous paper [12]. The study of the CMSX-
4� superalloy leads to additional insights of major practical importance.

Although theoretically there should be no effect of the original rod
size on the drop-weight (DW) measurement, this result can only be
obtained on strictly gas-free specimens; this point has been systematically
verified when larger rods (4–6 mm) were zone melted. Indeed, the effect
of entrapped gases (sintered rods) or porosities (cast materials) has been
identified to be detrimental for reliable DW measurements manifesting in
our case through a large spread δm of droplet masses. Indeed, the thinner
the wire, the more efficient is the out-gassing for a given pumping flow.
Concerning cast materials, X-ray radiographs have been taken to insure
droplet releases in a porosity-free zone of the rods. As for other tech-
niques dealing with droplets, the choice of the diameter rod/wire could be
of practical importance. The diameter of larger drops tends to equal that
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of the support allowing little control of power parameters, as melting and
droplet release are almost simultaneous. Moreover, such a large size does
not favor a flat and horizontal liquid–solid interface. On the other hand,
the use of the thinnest wires (< 0.5 mm) was not straightforward either,
as one needs to continuously adjust the parameters during the experi-
ment, which can be detrimental to the droplet stability. To sum things up,
our experience is that the optimal wire diameter should be taken between
1 and 3 mm. However, in the case of alloys which are not commonly
supplied in the form of wires, it may be difficult to provide well-defined
cylindrical samples, as was the case in the CMSX-4� study.

The first rods used (designated as R1 and R2) were far from cylindri-
cal with significant fluctuations of the diameter along the length (±3%).
Encouragingly enough, very stable pendant droplets were obtained dur-
ing the two experiment runs performed on these rods. In particular, the
evolution of the electric current, which is usually a good indicator of the
quality for both the droplet growth and the droplet release, did not show
jolts or peaks until release (Fig. 1b). Nonetheless, a new procedure has
been adopted for the second set of rods (designated as R3 and R4) by
defining accurately their profiles. The diameter has been measured every
≈2.4mm along the length of each rod. The diameter was determined as an
average value between two measurements realized at 90◦ from each other.
After the experiments were completed, these profiles were used to deter-
mine the local diameter where droplet release happened, simply by con-
verting the mass of the collected droplet to a length (Fig. 2). The mass
lost by evaporation is negligible, as the time for elaboration is only a few
minutes. Moreover, these two rods R3 and R4 have been mechanically
cleaned by scratching using a knife before implementation in the melting
furnace. The mass lost during scratching being 0.15% of the rod mass,
this preparation has a negligible effect on the nominal diameter (�d/d =
1/2�m/m).

When applied to alloys, there could be an uncertainty in the temper-
ature determination due to the existence of a solidification interval. None-
theless, nucleation studies performed in the Grenoble drop tube have given
great confidence in the fact that the initial temperature corresponds to the
liquidus temperature with a small overheating. The high reproducibility
of this temperature is due to the slow melting of the wire/rod character-
ized by a solid-liquid interface of very small size. Keeping in mind that
a fresh solid–liquid interface is continuously obtained, this configuration
obviously favors chemical homogenization. An insight into this aspect can
be derived though an inspection of the dropping tip. Indeed, a small liq-
uid mass adjacent to the rod remains stuck after release and only the liq-
uid fraction hanging below the minimum cross section (neck) is detached.
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Fig. 2. Measurements of the mean diameter for the rod R3
(−�−) at different positions along its length. The black line cor-
responds to a ‘sliding average curve of period 2’. The vertical line
identifies the zone of the rod where each droplet release occurred.

This phenomenon is taken into account through Harkin’s correction fac-
tor, keeping in mind that F cannot be simply identified with the ratio of
the liquid mass sticking to the wire to the detached volume [11]. A cut of
the dropping tip reveals a well-defined solid/liquid interface. Finally, the
measurement of essentially the same surface tension for all five collected
droplets (see Section 4) demonstrates the reproducibility of the experimen-
tal conditions.

3. EXPERIMENTAL APPROACH BY THE OSCILLATING-DROP
TECHNIQUE

3.1. Oscillating-Drop Technique

With the oscillating-drop method, the frequency of surface oscilla-
tions of the sample around the equilibrium shape is measured. According
to Rayleigh [15] the relation between the surface tension σ of a nonrotat-
ing spherical sample and the oscillation frequency ωR (called the Rayleigh
frequency in the following) is given by the Rayleigh law:

ω2
R(�)=�(�−1)(�+2)

4π

3
σ

m
(3)
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where � is an integer, which depends on the oscillation mode (see Eq. (4)).
The mass m of the droplet is determined by weighing or can be calculated
via the liquid density. The shape of the oscillating sample can be described
by associated Legendre functions:

Rk
l (ϑ,ϕ, t)=a0 +ak

l (t)P
k
l (ϑ) cos(kϕ) (4)

where θ and φ are polar coordinates, t is time, and l and k are integer
indices. In electromagnetic levitation, the lowest observed oscillation mode
belongs to �=2. Oscillation modes with �>2 are not observed, because of
their strong damping. For an undisturbed oscillating spherical droplet, the
frequency does not depend on k.

For the necessary contactless handling of the droplet, we use elec-
tromagnetic levitation. Here the metal sample is placed in an alternating
magnetic field, which induces eddy currents in the material. Interacting
with the field, these currents generate a Lorentz force which supports the
sample against gravity. Furthermore, the currents also heat and melt the
sample. However, as a result of the magnetic force, aspherical equilibrium
shape [16], and rotation of the sample [17], the single Rayleigh frequency
for the different surface oscillation modes of the ideal spherical sample
splits into five unequally spaced peaks. The degeneracy of the oscillation
frequency is cancelled and the oscillation frequencies for k=−2,−1,0,1,2
are distinguishable. In particular, the magnetic force effect has been calcu-
lated in Ref. [16]. The Rayleigh frequency for = 2 can be obtained from
these shifted oscillation frequencies ω2,k:

ω2
2,0(2)=ω2

R +ω2
t

(
3.832−0.1714

z2
0

R

)
(5)

ω2
2,1(2)=ω2

R +ω2
t

(
3.775+0.5143

z2
0

R

)
(6)

ω2
2,2(2)=ω2

R +ω2
t

(
−0.9297+2.571

z2
0

R

)
(7)

with z0 = g◦

2ω2
t

, (8)

where ω2
t denotes the mean translation frequency of the sample and

g◦ is the gravitational acceleration. Processing of the data with digital
image processing enables the association of the oscillation modes to the
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corresponding oscillation frequencies [18]. These oscillation frequencies
ω2,k and ωt are the input data for the above formulae. The Rayleigh fre-
quency can be calculated from the above equations, and the surface ten-
sion via Eq. (3).

3.2. Apparatus and Procedure

The electromagnetic levitation facility consists of a small vacuum
chamber and an optical system. The levitation coil is powered by a
24 kW Huettinger HF generator operating at 300–500 kHz. The temper-
ature, which is controlled by convective gas cooling, is measured with a
single-color infrared pyrometer covering a temperature range from 550
to 2000◦C. In this study, the pyrometer is adjusted to the liquidus tem-
perature of CMSX-4�, i.e., 1380◦C. Three types of cooling gases (purity
99.999%) were used for CMSX-4� samples, namely, pure helium, argon,
and a mixture of helium and hydrogen (8% hydrogen). Several samples of
approximately 1 g have been cut to a cubic form from the supplied rod and
levitated. It turned out that samples processed under an argon atmosphere
developed a hard crust within a few minutes which suppressed all surface
oscillations. This crust is an oxide layer, as has been confirmed by energy
dispersive X-ray (EDX) analysis.

The surface oscillations of the liquid droplet were recorded with a
digital camera with a frame rate of 125 Hz, and for each selected temper-
ature, 8192 images have been acquired. The images were taken from the
top, i.e., along the symmetry axis of the drop. For this viewing direction,
the k=0 and k=±2 modes can be easily identified by taking the sum and
difference of two perpendicular radii. From Eq. (4) we have

S−(2,0)=R0
2(ϑ,ϕ, t)−R0

2(ϑ,ϕ +π/2, t)=0 (9)

and S+(2,±2)=R±2
2 (ϑ,ϕ, t)+R±2

2 (ϑ,ϕ +π/2, t)= const (10)

Consequently, the k =0 mode is missing in the frequency spectrum of the
radius sum, whereas k =±2 is not present in the Fourier transform of the
difference signal. This is shown schematically in Fig. 3. Therefore, two per-
pendicular radii of the sample’s image as well as its area and the coordi-
nates of its mass center were derived for each frame. A subsequent fast
Fourier transformation (FFT) yields the frequencies of the surface oscil-
lations and sample translations. From the FFT of the sum and difference
of the two perpendicular radii, the oscillations peaks in the spectra can be
related to the corresponding oscillation modes (Fig. 4).
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Fig. 3. Oscillation amplitudes in the
k = 0 (dotted line) and k = 2 (dashed
line) modes around the equilibrium
shape (full circle). For k = 0, the differ-
ence of two perpendicular radii (upper
and right arrow) is time independent,
whereas for k = 2 the sum (left and
bottom arrow) remains constant.

Fig. 4. (a) Frequency spectrum of the radius sum for CMSX-4: the k = ±2 peak is
suppressed; (b) frequency spectrum of the radius difference for CMSX-4, the k = 0
peak is suppressed.

4. RESULTS

From the properties of the pure elements, we have assumed a liq-
uid density of 7.79 g·cm−3 and a coefficient α of 1.027 (Eq. (2)). In the
course of the first drop-weight set of experiments (R1 and R2), the main
diameter has been derived from numerous measurements randomly car-
ried out along the lengths of the rods. Even though the two measurements
displayed the same value of 1.58 J·m−2, this agreement should be consid-
ered as fortuitous considering the large scatter on rod diameters (±3%).
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In this context, a better determination of the local diameter when droplet
release happens has been realized for the second set of measurements. In
practice, we have taken into account for R3 (leading to the elaboration of
two droplets) and R4 a mean value between the diameters derived from
the broken curve that links the measurements and the ‘sliding average
curve of period 2’ (bold curve in Fig. 2). The derived surface tensions are
1.58, 1.59, and 1.61 J·m−2. On the one hand, the spread of measurements
is slightly larger (±1.3%) than was proposed for a truly relevant ‘recom-
mended value’ at the liquidus temperature. On the other hand, the scatter
could be significantly reduced only for rods of well-controlled geometry.
Nonetheless, the reproducibility of measurements remains remarkable, con-
sidering the poor geometrical quality of the supplied rods. A few scattered
oxide particles are observed on the surface of the dropping tip (Fig. 5a),
but not on the received droplet (Fig. 5b), as confirmed from X-ray analy-
sis.

The surface tension of CMSX-4� has been measured by the
oscillating-drop technique over a temperature range of 250◦C around the
melting point and for undercoolings up to 75◦C (Fig. 6). The liquidus
temperature of 1380◦C has been determined in the course of the Ther-
molab project [19]. The straight line shows a linear least-squares fit to
the measurement values which have been obtained with helium or helium–
hydrogen gas atmosphere around the sample. The values which have been
obtained under an argon gas atmosphere have not been used due to the
surface contamination of the samples with oxygen. The fit leads to the
following equation (in J·m−2):

σ =1.54−0.14×10−3J ·m−2(T −1380◦C) (11)

Fig. 5. (a) Bottom view of the dropping tip showing scarce oxide particles; (b) surface
aspect of the collected droplet (SEM observations).
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Fig. 6. Surface tension measurements by both DW and OD methods: symbols
indicate the type of the cooling gas that has been used to control the temperature
of the sample.

The magnetic field effect was taken into account by applying Eqs. (5–7),
compensating the apparent rise in surface tension as mentioned in Ref.
[20]. The pyrometric temperature measurement is influenced by two effects.
These are the error in the determination of the liquidus temperature and
the unknown temperature dependence of the emissivity. The former is,
however, the dominant source of error. We estimate that the combined
error of both effects is ±10◦C over the entire temperature range. The error
in the surface-tension data is due to the error in mass determination and
frequency measurement. We estimate �m = 0.1% and �ω = 1%, leading
to �σ = 2% (±0.03 J·m−2). Consequently, the differences in surface-ten-
sion measurements at the liquidus temperature by the drop-weight and
oscillating-drop methods are within the experimental uncertainties. Both
experimental results, obtained by the drop-weight method and the oscillat-
ing-drop technique, are shown in Fig. 6.

5. DISCUSSION

Without disclosing proprietary information, it can be stated that
a standard CMSX-4� superalloy contains typically (in at%) Ni (64.0),
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Fig. 7. Experimental results obtained by Eremenko et al. [21] on the Ni–Al
system. The curve is the classical interpretation of these experimental results lead-
ing to a plateau near 40 at% Al. �T is the difference between the experimental
isotherm and the liquidus temperature. The square represents an estimation of
the surface tension for pure aluminum at 1640◦C.

Co (9.3), Cr (7.6), Al (12.6), Ta (2.2), Re (1.0), W (2.0), Ti (1.3), and
Mo (0.4) [13]. Energy dispersive X-ray (EDX) analyses have been mainly
performed on the samples processed by the drop-weight method. A first
remarkable result is that surface and bulk compositions are found to be
the same at the level of both the dropping tip and the collected droplet.
Excellent agreement between bulk and initial (solid part) compositions is
obtained for all elements, including Al and refractory metals. Microsegre-
gation in the directionally solidified dendritic-cellular structure of CMSX-
4� superalloy has been studied by Ma and Grafe [21]. Comparison of
segregation distributions across the cell shows that both amounts of Al
and Ta tend to increase significantly toward the cell surface (with a sub-
sequent enrichment of the interdendritic region compared to the dendrite
core) while Re and W show the opposite behavior. These trends are con-
firmed, when comparing the compositions derived for the dendrites, inter-
dendritic regions, and surfaces. So, the higher content of Al at the surface
(+20%) may also partly result from the solidification process, in addition
to a segregation effect in the liquid state.

In order to gain some more insight into the behaviour of the mul-
ticomponent alloy CMSX-4�, it is helpful to compare it to its reference
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binary alloy system, Ni–Al, and in particular to the Ni3Al intermetallic
compound, which forms by peritectic reaction at 1395◦C. Surface tension
measurements have already been performed on Ni–Al alloys, especially by
Eremenko et al. [22]. The variation of the surface tension against the alu-
minum composition has been established for isotherms at 1640◦C (Fig. 7),
leading to the identification of three domains. Starting from pure Al, the
first domain is dominated by the classical controversy on the surface ten-
sion value for pure aluminum. As a matter of fact, a value of 1.05 J·m−2

has been recently reported by Sarou-Kanian et al. [23] for oxygen-free liq-
uid aluminum, in agreement with other scarce measurements, while a more
widely accepted value (even though probably biased by oxygen contami-
nation) is 0.87 J·m−2 [2]. The second part corresponds to a plateau that
has been attributed to compound formation in the melt. However, this
conclusion should be carefully re-examined, since the difference between
the isotherm and the liquidus temperature becomes very small, passing
through a minimum of 2◦C at 50 at% Al. Considering the scatter of the
experimental data, the presence of a plateau is disputable. An assessment
of compound formation in the liquid state should be based from neu-
tron diffraction studies performed on highly stable levitated droplets [24].
The third domain corresponds to the most robust experimental part, and
extends to the Ni3Al compound; a value of 1.49 J·m−2 at 25 at% Al can
be derived from a best fit of experimental results. Moreover, a temperature
coefficient of 0.16 x 10−3 J·m−2·K−1 can also be obtained from experi-
ments reported in a quite equivalent composition range (see Fig. 4 in Ref.
[25]), leading to a reference value of 1.53 J·m−2 at 1380◦C.

In order to assess the physical consistency of our measurements,
we have estimated surface- tension values for CMSX-4� and Ni3Al
alloys from a linear addition of the pure substances’ σm values based
on atomic percentages (nominal composition). In the case of the Ni3Al
alloy, we obtain 1.56 J·m−2 or 1.61 J·m−2, depending on the choice for
aluminum. If we apply the same procedure to CMSX-4�, we obtain
1.67 J·m−2 or 1.69 J·m−2. To sum things up, the following sequences
[experimental value/“low” calculation/“high” calculation] are obtained,
namely [1.49/1.56/1.61] J·m−2 for Ni3Al and [1.59/1.61/1.69] J·m−2 for
CMSX-4�. In the same way the ratios σ (Ni3Al)/σ (CMSX-4�) are
[0.94/0.97/0.95]. The calculation for the measured CMSX-4� surface com-
position leads to a negligible lowering of the surface tension (−0.02 J·m−2)
compared to that derived from the measured bulk composition. So, the
experimental increase of the surface tension from Ni3Al to CMSX-4�
is of the same order of the effect that can be deduced by applying the
straightforward calculation of the surface tension.
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6. CONCLUSION

The surface tension of the CMSX-4� superalloy has been determined
by both the drop-weight and oscillating-drop methods with a difference
in measurements at the liquidus temperature which is smaller than the
combined uncertainties of the methods. Assuming that the drop-weight
method should lead to a reference value at the melting temperature, this
study also demonstrates that the Cummings and Blackburn relation can be
used for accurate measurements of the surface tension of complex alloys
by the oscillating-drop method. By reference to Eremenko’s work [22],
the small experimental increase of the surface tension between the Ni3Al
alloy and the CMSX-4� superalloy is of the order of the effect deduced
by applying a straightforward estimation of the surface tension derived
from a linear addition of the pure substances’ values (atomic percent-
ages). Moreover, the temperature coefficient appears to be quite similar
for the two materials. More generally, the application of the straightfor-
ward calculation used here leads one to expect a very narrow spread of
the surface tension for Ni-base superalloys. Considering the compositions
given in Ref. [13], almost the same surface tension can be derived for a
set of 16 superalloys, including first generation single-crystal superalloys
and Re-containing single-crystal alloys. Indeed, the variation from 1.68 to
1.72 J·m−2 (�σ/σ ≈1%) indicates that our measurements, for this particu-
lar thermophysical property, should be characteristic of this class of mate-
rials.

Thus, this study is encouraging for the application of the drop-weight
and oscillating-drop methods to complex industrial alloys. Nonetheless,
a thorough interpretation of surface-tension measurements on complex
alloys requires some insights from the solidification process due to the
occurrence of strong microsegregation effects. The study of model alloys
could thus be very helpful, as already demonstrated by Rüsing et al. [26]
when considering the quaternary Ni–Al–Ta–Re system to investigate the
Re distribution. Finally, this study clearly shows that considerable work on
surface-tension measurements on basic binary or ternary systems remains
to be done. The possibility to obtain the value for oxygen-free liquid alu-
minum by containerless processing obviously provides a new perspective
for a new look at the Ni–Al system.
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