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A new testing procedure combining in one test two methods for surface tension measurements of liquid
metals [the pendant drop (PD) and the sessile drop] and carried out in the same device is discussed. The
attention is focused on methodological aspects of the PD method due to the novelty of its application for
high temperature metallic systems. It has been claimed that under the conditions applied in the present
study, this method can be considered as a quasi-containerless one. Surface tension measurements of pure
Cu, Ni, Al, and Fe performed using the new procedure are described. To confirm the validity of this
procedure, the experimental results are discussed in the framework of the available literature data, par-
ticularly those obtained by the containerless methods.
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1. Introduction

For high melting point metals containing reactive elements,
the possibilities to measure surface tension are very limited.
The most commonly used methods are the support-assisted or
container-assisted ones, namely the sessile drop (SD) method
and a variant of it, the large drop (LD) method (Ref 1) (Fig. 1a
and b, respectively). However, the high melting temperature
and the chemical reactivity, featured by the majority of metal
systems for high-tech applications, increase the experimental
difficulties of these ground-based techniques, thus lowering the
measurements� accuracy. The inaccuracy can be caused by
numerous sources of errors such as those due to the determi-
nation of the liquid metal density and the presence of impurities
coming from the container or from the environment. To
overcome these problems, the proper selection of the container
material is a critical stage, often performed after a preliminary
study of its wetting and reactivity in contact with high melting
point metals (Ref 2-4). Therefore, only a few methods are really
suitable for accurate measurements of the thermophysical
properties at high temperatures using non-contact techniques.
One of them is certainly the containerless electromagnetic
levitation-oscillating drop (EML-OD) method (Ref 5).

Recently, a new quasi-containerless procedure has been
proposed to measure the surface tension of very high melting
metallic systems (Ref 6, 7). The procedure combines in one test
two methods: the pendant drop (PD) and the SD. The combined

procedure allows the performance of both PD and SD
measurements under the same conditions and in the same
advanced experimental complex that has been designed for
investigations of capillarity phenomena at very high tempera-
ture (up to 2400 K) (Ref 8). Using a contact heating procedure
in the conventional SD method (Fig. 1a), the metallic sample
and the substrate (support) are in contact when heated from
room temperature to the experimental one as well as during
testing at that temperature. In the PD method (Fig. 1c), a metal,
placed in a refractory capillary (container), is fast heated to the
required temperature and immediately squeezed through a hole
in the capillary to form a liquid metal drop. In contrast to the
SD techniques (i.e., the conventional one and its LD modifi-
cation shown in Fig. 1a and b, respectively), during surface
tension measurements, the PD contacts the capillary at its tip
only (Fig. 1c, d).

The PD is a well-known classical method used for surface
tension measurements since the early works by Bashforth and
Adams (Ref 9) and Adreas et al. (Ref 10). Particularly, it is
widely used in ambient temperature liquid state materials
science for non-metallic systems such as water or organic
liquids. However, following the review by Keene (Ref 11), only
a few reports are available on the conventional (using a
capillary) PD measurements of surface tension of metals and
they are limited to low melting temperature metals such as
mercury (234 K) (Ref 12), gallium (303 K) (Ref 13), and
selenium (494 K) (Ref 14). At the same time, it is often
accepted that the PD method is one of the most convenient,
versatile, and accurate solutions to measure the surface tension
of refractory metals (Ref 15). To do this, the surface tension is
determined from the weight of the detached drops produced in
the PD tests. This method is known as the drop weight (DW)
method or more precisely as the PD/DW method. From Keene�s
review (Ref 11), surface tension data are available for a large
family of pure metals, including Cu, Co, Cr, Fe, Gd, Ge, Hf, Ir,
Mo, Mn, Nb, Ni, Os, Pd, Pt, Pl, Re, Rh, Ro, Si, Ta, Ti, U, W, V,
and Zr. For a few of them, characterized by extremely high
melting temperature, it is the only method that makes
possible the surface tension measurements, i.e., Hf (2500 K),
Ir (2716 K), Nb (2740 K), Os (3300 K), Re (3453 K),
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Ru (2523 K), Ta (3287 K), U (1405 K), V (2175 K), W
(3653 K), and Zr (2125 K). However, for refractory metals, the
PD/DW procedure forming the PD differs substantially from
the conventional PD method (Ref 16) because instead of a
capillary tube with a liquid, it involves melting the end of a
metal rod with an electron beam (Fig. 1e) to form a PD under
the ultrahigh vacuum (UHV) conditions (Ref 17): The surface
tension is determined from the weight of the detached drops.
On the one hand, the PD/DW method enables reaching
extremely high temperatures with an electron beam when
molten metal is in contact only with its own solid (no
contamination from a container). However, the PD/DW can be
applied only at temperatures just near the melting point of the
metal rod. Thus, it is not suitable for investigation of
composition and/or temperature dependences of the surface
tension of most metallic systems. It should be stressed that the
PD/DW data on the surface tension at melting temperatures are
available for a number of pure refractory metals as well as for a
few pure metals of much lower melting points (Bi, Zn, Cd) (Ref
11), but there are no data for the conventional PD method,
besides Hg, Ga, and Se.

For extremely high temperature applications, supplementary
improvement of the PD method was proposed by Thiessen and
Man (Ref 18). They applied a containerless melting of the end of
a high purity metal rod (Zr) by bombardment with an electron
beam to form a PD under UHV conditions together with the
digitization of the PD profile, captured by a CCD, to compute
the surface tension. However, similar to the PD/DW method,
application of this improved PD procedure is limited to near
melting temperature only and it is rather suitable for pure metals,
but not for alloys, as suggested by Thiessen and Man (Ref 18).

The PD/SD combined method discussed in this study is
providing further development of testing procedures for high
temperature surface tension measurements. For the first time,
this procedure was successfully applied for the determination of
the surface tension of a class of reactive metal systems, the
liquid c-TiAl-based alloys, the high melting temperature of
which is responsible for serious methodological problems, as
reported in Ref 6. The idea of the proposed testing procedure
was based on the assumption that, even for very reactive
systems, there are certain conditions and a period of time when
reactivity is negligible and, therefore, a significant improve-
ment in accuracy and reliability of measurements can be
obtained. In order to reach such conditions, both the area of
contact and the time of contact between the metal and the
container should be considerably decreased. Such conditions
can be achieved by applying a capillary (a very small area of
contact of the drop with the container at the tip of a capillary
only), together with fast manipulating of liquid metal (drop
squeezing, movement, and deposition) at high temperature
under vacuum or protective atmosphere, accompanied by fast
recording of the drop images with a high-speed CCD camera.

Additional improvement in testing conditions can be
attained by suppression of the interaction between the melt
and the capillary. For example, even a very thin, nanoscale-
sized native oxide film on a metal sample that usually creates
many problems in the investigation of capillary properties at
high temperature (Ref 19), in this particular case, may be very
helpful as a natural barrier to chemical reactions between the
metal and the internal wall of the container. This approach was
successfully applied in Ref 6 for surface tension measurements
of highly reactive TiAlNb and TiAlTa alloys, taking advantage
of the fact that the surface of these samples is covered with a

native alumina layer which slows down chemical reaction of
the alloy with the alumina capillary used. Additionally, in order
to produce oxide-free droplets, necessary for reliable measure-
ments of surface tension, the metal drop was in situ cleaned
directly in the vacuum chamber (Ref 20) by squeezing the
metal through the alumina capillary of a special design,
allowing mechanical removal of an oxide film at the sharp
internal edges of the capillary (Ref 19) (Fig. 1d).

Despite the fact that in the proposed procedure the contact of
the liquid metal with a capillary is unavoidable, the time of the
drop/capillary contact at the capillary tip can be limited to a few
seconds needed for drop stabilization. As demonstrated in our
previous work (Ref 6) using a high-resolution and high-speed
camera (up to 2000 frames/s), a large number of high quality
drop images, indispensable for reliable surface tension calcu-
lations, are recorded.

Seeking a practical embodiment of the above ideas, an
advanced experimental complex has been designed which
enables studying the capillary phenomena in liquid metals at
high temperature and under high vacuum or protective
atmosphere using different testing methods and procedures,
as described in detail in Ref 19 and 20.

In this work, attention has been focused particularly on
methodological aspects of the proposed combined PD/SD
method due to the novelty of its application to very high
temperature metallic systems. In fact, on the basis of promising
results obtained for the liquid c-TiAl-based alloys (Ref 6), the
verification of certain aspects of the new methodology for its
optimization seemed to be necessary. For this reason, it was
decided to measure the surface tension of a few pure metals
taken as reference materials due to availability of extensive
experimental results reported in the literature.

Measurements of surface tension of pure Cu, Ni, Al, and Fe
obtained using the same experimental facility and by the
combined PD/SD testing procedure are presented. To confirm
the validity of the new quasi-containerless method, the results
are discussed in the framework of the available literature data
obtained by different methods, particularly by the containerless
ones such as the EML-OD method.

Thus, the revision of literature data as well as new reference
data for the metals selected is beyond the scope of this work.

2. Materials and Methods

Experimental complex, described in detail in Ref 8,
equipped with several manipulators, allowing application of
different testing procedures as reported in Ref 6, 7, 19, and 20,
was used in this study. Special mention must be made of the
fact that the design of the experimental complex, built from a
few independent and directly interconnected vacuum chambers,
allows loading and removing of the metal samples, the
substrates, and the capillaries without the necessity to open
the working (high temperature) vacuum chamber.

Surface tension measurements have been performed in a
resistance furnace with a Ta heating element surrounded with
Ta and Mo isolation screens. All elements of manipulators as
well as the experimental table (as a support for a substrate,
Fig. 1a, b), introduced inside the Ta heater during the tests,
were also made from Ta. The capillary (container), with a hole
diameter of 1.1 mm, was produced from alumina powder of
99.995% purity without any sintering aids.
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High purity (99.999%) Cu, Ni, Al, and Fe metals were used
to prepare the samples. Directly before loading into the vacuum
chamber of the furnace, the metal samples of desired volume
(about 0.5 cm3) were mechanically cleaned by scratching and
then chemically rinsed with pure ethanol in an ultrasonic bath.
Next, the selected sample was placed in the Al2O3 polycrystal-
line capillary and introduced into a vacuum chamber. After
melting and reaching the required temperature, the metal was
squeezed through the capillary to produce a PD. The surface
tension was measured as a function of temperature in steps of
50 K. For each temperature step, the drop�s images were
recorded for about 10 min by a high-speed digital camera,
equipped with high quality photographic lens allowing a high
resolution at optical wavelength. Since the main sources of error
are the intrinsic TV-camera distortion, the discretization process,
and the evaluation of the system magnification factor, all the
optical devices were mounted on an optical bench. The digital
images were analyzed to obtain numerical data points of the
contour of the drop. Dedicated software packages have been
developed (Ref 21) capable of obtaining surface tension data in
real time together with other experimental parameters (i.e., drop
shape and size, surface area, contact angle). In order to get better
repeatability of the measurements, the focusing, the focal length,
and the diaphragm of the optical system were kept fixed.
Considering that the knowledge of the magnification factor is
essential for deriving the real drop profile coordinates from the
acquired ones, the magnification factor was calculated individ-
ually for each image. The surface tension was calculated using
an improved version of the Maze and Burnet algorithm (Ref 22).

In this study, the measurements by the PD method were
carried out in a few steps. First, the apparatus was heated up to
the measurement temperature keeping the capillary in the low
temperature zone of the UHV chamber. Next, using a special
manipulator, the capillary was introduced into the high
temperature zone, where liquid metal was squeezed through
the capillary to form a drop with appropriate dimensions
allowing the correct profile acquisition.

A similar procedure was applied when the liquid metal was
dispensed by the capillary on a flat substrate, forming a SD
(Fig. 1a), or into a crucible (Fig. 1b) for the measurements by
the LD method (Ref 1-3). In particular, in this study, sapphire
plates and crucibles cut from a (0001) single-crystal a-Al2O3

rod, pretreated for 2 h at 1300 K in vacuum, have been used.
It should be underlined that at very high temperatures,

manipulating a capillary located inside an UHV chamber using
outside control may create several technical problems. Partic-
ularly tricky is placing the capillary in perfect vertical position
and obtaining drops of suitable dimensions that will remain
fixed at the capillary orifice. Moreover, the control of the size
and stability of a drop formed at a capillary tip is particularly
difficult because it depends not only on the metal properties
(density, surface tension, viscosity) but also on the size of the
capillary hole.

However, the capillary size does not influence the surface
tension values (Ref 23). The size of the capillary used in this
work (i.e., 1.1 mm diameter hole) was satisfactory in obtaining
stable drops of Al, Ni, and Fe, but it was not sufficient to get Cu
drops of appropriate dimensions due to an unfavorable ratio
between surface tension and density.

Furthermore, the high temperature emissivity is another
factor affecting the drop image quality, thus making the
measurements difficult. Therefore, IR cut-off filters were used
for this purpose.

For the measurements by both PD and SD (or LD)
performed in this work, the final values of the surface tension
were calculated as an average of all the data measured at each
temperature. The calculated experimental error of the surface
tension measurements was less than 1%.

3. Results and Discussion

A large number of experimental data are available in the
literature for pure Cu, Ni, Al, and Fe that have been chosen as
referencematerials to check the applicability of the new procedure
for high temperature measurements of metallic systems (Ref 11,
24-51). The surface tension values obtained in this work were
preferably compared with the most recent data, in particular with
those reported in the recent review of Mills and Su (Ref 24).
Special attention has been paid to the comparison with the
literature data obtained by the containerless EML-OD method.

3.1 Copper

The first attempt to form a PD was done with Cu.
Measurements were carried out under an atmosphere of flowing
high purity N5.2 argon (99.9992%) from Air Products Co

Fig. 2 Surface tension of liquid Cu measured by PD method in this
work (s). For comparison, the literature data on the surface tension
of Cu obtained by other techniques are also plotted: 1—‘‘suggested’’
data (Ref 11); 2—LD method (Ref 32); 3-4—EML-OD method
(Ref 33) and ‘‘mean values’’ as reported in Ref 11; 5—‘‘adopted
data’’ (Ref 24); 6—SD method (Ref 36); 7—SD (Ref 35); 8—EML-
OD (Ref 37); (�) PD/DW method (Ref 34)

Fig. 1 Schematic presentation of methods for surface tension mea-
surements: (a) conventional SD method; (b) LD; (c, d) conventional
PD using a capillary; (d) improved design of internal shape of a cap-
illary to remove native oxide film from a metal liquid (Ref 19); (e)
PD accompanied with melting of the metal rod end with ion beam
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(Ptot = 8.59 104 Pa). The presence of a Ta heater, acting as an
oxygen getter, assured an oxygen partial pressure inside the test
chamber equal to PO2

= 10�8 Pa at the testing temperature
T = 1500 K.

However, only at T = 1500 K, a metal drop stable in
dimensions was formed allowing a reliable acquisition of its
profile coordinates. The resulting value of surface tension is
shown in Fig. 2.

At higher temperatures, several technical problems, mainly
related to the high temperature of the experiment and initially
non-optimized setup of the PD system, occurred during the
experiment on liquid Cu. Due to these problems, it was difficult
to get Cu drops of appropriate dimensions and to keep them
pendant for the time necessary to complete the acquisition
procedure. Indeed, due to an unfavorable ratio between surface
tension and density, increasing the drop size made the Cu-PD
fall down after only a few seconds before reaching the
appropriate dimensions. These difficulties made impossible
also the measurements by the LD method due to the inability to
dispense sufficient amount of material into the crucible, since at
that time the size of both the capillary and the crucible was not
optimized, but this task is beyond the scope of the present
research work.

Nevertheless, the value obtained at T = 1500 K agrees well
with the corresponding linear fit of the surface tension values of
Cu measured by the LD method in the temperature range of
1423-1523 K (Ref 32). These last values are included among
the suggested values of Keene�s review (Ref 11) and those
defined as ‘‘adopted’’ in the recent review of Mills and Su
(Ref 24). Furthermore, our data are also in conformity with the
recent results obtained with the containerless EML-OD method
(Ref 33). In particular, it should be noted that the latter overlaps
the linear fit of the mean values of Cu surface tension as
reported in Ref 11. In Fig. 2, the surface tension value of Cu,
measured at the melting point by the PD/DW method (Ref 34),
is also shown for comparison.

3.2 Nickel

In the case of liquid nickel, the measurements were
performed at T = 1773 K under vacuum (Ptot £ 10�4 Pa) with
a corresponding value of oxygen partial pressure PO2

<
10�7 Pa (and PH2O < 10�6-10�5 Pa), estimated by mass spec-
trometry using real time measurements by means of a
quadrupole residual gas analyzer (Ref 8, 20). Contrary to Cu,
the experiments on Ni have faced fewer difficulties in forming
stable PD. However, the very high emissivity both of the
furnace elements and the Ni sample above its melting point
(1726 K) caused new problems in getting sharp drop images. In
this case, application of a special filter was helpful for the
extremely difficult setting up of the optical line.

Figure 3 shows the surface tension values of Ni measured in
the temperature range of 1773-1923 K in comparison with the
literature data obtained using different techniques (Ref 24, 38,
39). The linear fitting of surface tension values of pure Ni
obtained in this work is in agreement with the literature data.
The surface tension temperature coefficient is very close to that
of the linear relationships suggested by Keene (Ref 11) and
defined as ‘‘adopted’’ by Mills and Su in Ref 24. In particular, a
good agreement was found with the results obtained by the
containerless EML-OD method reported by Brillo and Egry in
Ref 38, even if the absolute values obtained here by PD
measurements are higher.

As in the case of Cu, a value of the Ni surface tension
measured by the PD/DW method was found in the literature
(Ref 39). For comparison, this value is shown in Fig. 3.

3.3 Aluminum

The favorable combination of the ratio between surface
tension and density of liquid Al, together with a capillary suitably
sized, allowed getting stable drops with appropriate dimensions.
Thus, reliable data on the aluminum surface tension were
obtained by application of the combined PD/LD method, taking
measurements in the temperature range of 973-1273 K under a
vacuum. The measurements were performed under a total
pressure of Ptot = 10�4 Pa with a corresponding value of oxygen

Fig. 3 Surface tension of liquid Ni measured by PD method in this
work (d). For comparison, the literature data on the surface tension
of Ni obtained by other techniques are also plotted: 1—linear fit of
the PD data; 2—SD method (Ref 35); 3—‘‘adopted data’’ (Ref 24)
and ‘‘mean values’’ (Ref 11); 4—EML-OD method (Ref 38);
(m) PD/DW method (Ref 39)

Fig. 4 Surface tension of liquid Al measured in this work by the
combined method: PD method (s) and LD method (j). For com-
parison, the literature data on the surface tension of Al obtained by
other techniques are also plotted: 1—oxygen-free values suggested
by Ref 24; 2—LD/AD method (Ref 51); 3—linear fit of PD data ob-
tained in this work; 4—linear fit of LD data obtained in this work;
5—LD (Ref 50); 6—EML-OD method (Ref 42); 7—oxygen satu-
rated values suggested in Ref 24; 8—literature ‘‘mean values’’
(Ref 11); (�) the highest value from Ref 49
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partial pressure PO2 = 1.39 10�7 Pa ( PH2O = 10�6-10�5 Pa),
estimated by the mass spectrometry during Al surface tension
measurements. Figure 4 shows the surface tension values of Al
measured in this work, simultaneously by PD and LD (in a
sapphire crucible). Each value represents the average of a large
number of measurements performed under isothermal condi-
tions,maintained for at least 10 min, so as tomeet the equilibrium
conditions. In spite of the experimental difficulties caused by the
high temperature and the IR emission, the obtained results for Al
can be considered as successful for the purpose of this study. The
values were compared with the literature data obtained by other
techniques (Ref 24, 47-52).

The surface tension data obtained by PD and LD are in good
agreement with most of the literature data, in particular with
those obtained by containerless methods (Ref 42). The values
achieved by PD are the highest and show the temperature
coefficient to be in good agreement with the literature data.

For comparison, two other relationships are shown in Fig. 4
(marked with 1 and 2). Relationship 1 corresponds to the
average of the few highest values reported in the literature and
assumed as the oxygen-free values (Ref 24). The second one is
the ‘‘low temperature’’ extrapolation of the values reported by
Sarou-Kanian et al. (Ref 51), who measured the surface tension
of Al in a temperature range of 1700-2100 K using the levitated
drop/aerodynamic levitation (LD/AL) method. The highest
value of the Al surface tension measured by Goumiri and Joud
(Ref 49) is also shown.

3.4 Iron

Considering the favorable density/surface tension ratio, the
combined procedure PD/SD was also used to measure the
surface tension of liquid iron at T = 1973 K. In order to
suppress liquid metal evaporation at high temperature, surface
tension measurements were performed under static inert
atmosphere Ptot = 105 Pa of N5.2 argon (99.9992%) from Air
Products Co. As a first step, a SD was produced by squeezing
the liquid metal through polycrystalline alumina capillary onto
a single-crystal a-Al2O3 (0001) plate. The next drop squeezed
was kept pendant and both droplets were maintained at a
constant temperature of 1973 K (Fig. 5) for 10 minutes to
measure surface tension.

It should be highlighted that the contact angle value
h = 108� was assumed by the freshly deposited SD of liquid
iron on the sapphire plate. Interaction phenomena occurring at
the Fe/Al2O3 interface are well known (Ref 53): The reaction
between the substrate and the droplet is the driving energy at
the triple line, thereby affecting the surface tension reliability.

On the contrary, taking advantage of the lack of contact
between the metal and the internal wall of the capillary, the
surface tension data obtained by processing the droplet profiles of
liquid iron in the pendant shape can be suitably comparedwith the
literature. In particular, the surface tension value measured at
T = 1973 K (Fig. 6) is very consistent both with the suggested
values of Keene�s review (Ref 11) and those recommended in the
recent review of Mills and Su (Ref 24). Moreover, the surface
tension value of liquid iron obtained by the PD method in this
study is in reasonable agreement with the one measured by Brillo
and Egry (Ref 38) using the EML-OD method.

The results obtained in the present study and the most recent
and representative literature data are summarized in Table 1.
The experimental conditions and the methods applied for the
measurements of surface tension (c) are collected together with

the experimental values and, when available, the surface
tension-temperature dependence (linear fitting) is also given.

4. Summary

In order to test the applicability of a new procedure aimed to
measure the surface tension of very high melting, high reactive
metal systems, the surface tension of pure Cu, Ni, Al, and Fe
was measured. The proposed combined procedure consists of
using two techniques (the PD and the SD/LD) in one test in the
same advanced experimental complex that has been designed
for investigations of high temperature capillarity phenomena.

The analysis of the results obtained highlights a good
agreement of the surface tension measurements, in particular
with those obtained by the containerless EML-OD method. The
difference in results is less than 1.5%, except for Ni, for which
PD values are by about 5% higher. Following the aim of this
work, it may be concluded that the results obtained confirm the
feasibility of the new testing procedure recently proposed by
the authors and for the first time applied for surface tension
measurements of TiAlTa and TiAlNb alloys. This procedure,
named the PD/SD combined method, shows several advantages

Fig. 5 Image of an Fe-PD in the presence of a SD formed in the
experimental complex apparatus at T = 1973 K

Fig. 6 Surface tension of liquid Fe measured in this work by PD
method (s). For comparison, the literature data on the surface ten-
sion of Fe obtained by other techniques are also plotted: 1—EML-
OD method (Ref 38); 2—recommended data (Ref 24); 3—adopted
data (Ref 11)
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and some drawbacks. The advantages are mainly due to the
way of forming the liquid metal drop, because due to the
formation of a PD by squeezing the liquid metal from a
capillary and subsequent fast deposition of the drop on a
substrate (SD), there are the following benefits:

• the droplet squeezed through a capillary is free of primary
native oxide film, affecting the reliability of surface ten-
sion measurements; this film is difficult to remove by any
other way, particularly for oxidizable alloys;

• the same oxide film plays the role of a barrier that might
reduce or even prevent the interaction of the metal with
the capillary during heating;

• the contact of freshly squeezed liquid metal with either
the capillary or a substrate is very short (a few seconds),
compared to the conventional SD procedure;

• similar to the LD method, the dispensed droplet deposited
on a substrate has a high symmetry, thus improving reli-
ability of surface tension measurements by the conven-
tional SD procedure;

• the PD procedure can be combined with the LD method by
squeezing several small droplets into a crucible in order to
get the total liquid volume required for LD measurements.

The comparison between the surface tension values of the few
pure metals investigated in this work and the corresponding
literature data is encouraging due to the satisfactory agreement.
In addition, considering the good results previously obtained
for the c-TiAl-based alloys, a very high temperature and highly
reactive technologically relevant class of structural materials,
further applications of this experimental approach to study high
melting point metal systems can be envisaged.

Nevertheless, in view of the application of this new
experimental approach to study metal systems that are both
highly reactive and oxidizable, further developments in the
setup of the PD apparatus used in the proposed procedure are
required. In this way, it is expected to get additional improve-
ments in the accuracy and reliability of surface tension
measurements. In fact, the performance of the experiments
carried out in this work showed some drawbacks:

• The use of alumina as a material for the capillary, due to
the complexity of the design of its inner part and the man-
ufacturing techniques currently available, is limitative.

Therefore, in order to obtain better performances and
accuracy of high temperature measurements, there is a jus-
tified need to have the possibility of different refractory
materials available, depending on the metal system to be
measured and limiting the mutual reactivity between the
metal and the container (support).

• Controlling the size of the PD is critical. The only way to
obtain a real reproducibility of the measurements is by
preventing the drops from falling during the experiments
and by insuring a sufficient and stable drop volume to
enable the drop profile acquisition to be effective. This
problem is complex because it depends not just on physi-
cal variables and their temperature dependence but is also
linked to technical factors such as the dimensions of the
capillary. From this point of view, both the capillary inter-
nal volume and its hole size should be optimized individu-
ally for each metal system. Although some tricks have
been adopted (such as the special design of the interior of
the capillary, the controlled atmosphere, the presence of a
getter), the quantitative determination of the oxygen pres-
ent in the test chamber, particularly under flowing gas
conditions, would allow an assessment of the actual oxi-
dation conditions of the test system.

To overcome these drawbacks, needed for further development
of testing methods and procedures for high temperature surface
tension measurements, the additional improvements in the
design of the experimental devices involve the following:

(i) the use of new advanced refractory materials with both
high chemical and high dimensional stability suitable for
ultrahigh temperature measurements of liquid metallic
systems;

(ii) the development of new testing procedures allowing a
better control of PD size;

(iii) the control and real time monitoring of the oxygen con-
tent in the vicinity of the testing sample (drop).
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Table 1 Surface tension of the selected liquid metals measured in this work (indicated by *). For comparison, the literature
data on the surface tension obtained by containerless EML-OD method are also reported

Pure metal Temperature, K Atmosphere
Surface tension, mN/m

c(Tm) + c¢ (T2Tm) Method

Cu 1500 Ar c1500 = 1312 PD*
1423-1523 Ar c = 1339± 3.1� 0.18 (T� 1358) LD (Ref 32)
1440-1725 He c = 1330± 2.7� 0.23 (T� 1358) EML-OD (Ref 37)

Ni 1773-1923 Vacuum c = 1860± 2.2� 0.39 (T� 1728) PD*
1400-1970 He c = 1770� 0.33 (T� 1728) EML-OD (Ref 38)

Al 943-1173 Vacuum c = 892± 5.5� 0.13 (T� 933) PD*
973-1273 Vacuum c = 888± 2.5� 0.16 (T� 933) LD*
893-1423 He c = 881� 0.21 (T� 933) EML-OD (Ref 42)

Fe 1973 Ar c1973 = 1829 PD*
1763-2073 He-H2 c = 1920� 0.397 (T� 1811) EML-OD (Ref 38)

PD pendant drop method, LD large drop method, EML-OD electromagnetic levitation-oscillating drop method
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