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Abstract A theoretical model on oxygen transport at the
surface of liquid metals has been validated by dynamic
surface tension measurements performed on liquid Indium
as test metal. The oxygen contamination conditions have
been obtained at different oxygen partial pressures under
both low total pressure (Knudsen regime) and inert atmo-
spheric pressure (Fick regime) conditions, confirming that
an oxide removal regime occurs under an oxygen partial
pressure much higher than the equilibrium one (the
“Effective Oxidation Pressure”). Experimental results are
reported which give a further insight on the relative
importance of the various processes due to the oxygen
mass transport between the liquid metal and the gas phase.
The critical aspects involved in surface tension measure-
ments of liquid metals, related to the problem of liquid
metal-oxygen interactions, are also underlined.

Introduction

The interactions between liquid metals and their environ-
ments (vapour phase and working atmosphere) can be
understood by analysing the surface properties of the
metals. The capillary properties, in particular the surface
tension, are strongly affected by surface cleanliness, which
depends on the surrounding atmosphere and, for liquid
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metals in particular, on its oxygen content. Oxygen can
either dissolve into the liquid phase or form an oxide film
on the surface of the liquid metal [1, 2]. In most cases the
Gibbs Adsorption Equation [3] or the derived adsorption
isotherms [4—7], which account for the decrease in the
interfacial free energies when the oxygen activity increa-
ses, are applied to explain the mechanism of oxygen
adsorption at the liquid metal-gas interface. The differ-
ences in the interpretations arise principally from the
difficulties of performing surface properties’ determina-
tions using controlled values of oxygen present in the gas
phase. In addition, when dealing with high-temperature
measurements of metallic systems, vaporisation phenom-
ena generally occur and have to be taken into account.

Several experiments [8] have clearly shown that a flux of
metallic vapours occurs in the direction opposite to the
oxygen flow. The effect of oxygen partial pressure on the
vapourisation rate of metals, which depends linearly on the
oxygen content of the surrounding gaseous atmosphere, has
been verified [9]. Moreover, for those molten metals that
form volatile oxides there will also be a flow of metal oxides
leaving the liquid surface. In this case, the oxygen transfer
from the gas phase to the condensed phase must account for
the double contribution of molecular oxygen and the oxy-
gen linked as oxide. Many theoretical and experimental
studies of these effects are available in literature for solid
metals [10]. In fact, purification processes by means of
oxide and sub-oxide evaporation at high temperature are
extensively used in metal refining. The dependence of the
rate of the oxidation on the gas composition at a high
temperature was discussed theoretically in [11].

To have a complete approach to the study of oxygen
interactions with the liquid metal and of its influence on the
material properties, in particular the surface properties, it is
clear that a correlation needs to be established between the
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kinetics of vapour fluxes and thermodynamic equilibrium.
The estimation of both the degree of contamination and the
mechanism of the gas mass-transfer at the liquid metal—gas
interface have been provided by different theoretical
models [12-14]. The application of these models is even
more useful when dealing with the measurements of the
surface properties of metals of particular technological
interest, such as silicon [15, 16], tin [17, 18] or aluminium
[19, 20].

The aim of this paper is to obtain a further confirmation
of the main result previously demonstrated [18, 19]: i.e. the
true operative parameters of the surface oxidation/de-oxi-
dation conditions can be described through the definition of
the Effective Oxygen Pressure [1]. In fact, the description
presented here concerns the dynamic surface tension
measurements of liquid indium, performed to determine the
interactions of oxygen with that metal through the valida-
tion of the theoretical oxidation/de-oxidation curve under
both low total pressure and atmospheric pressure.

Experimental

The high melting temperature and chemical reactivity of
most metals increase the experimental difficulties in per-
forming thermophysical properties’ measurements. The
lack of accuracy can be caused by the numerous sources of
errors, for example, impurities coming from the base
material, from the container material or the environment.
However, some uncertainties on measurements could still
exist, essentially due to the shortage of the experimental
evaluation of the oxygen content.

Among the thermophysical properties, the surface tension
is certainly the parameter most sensitive to the interaction of
the oxygen and the metal. This is one of the reasons why
surface tension measurements of pure metals are so much
affected by a great uncertainty [20]. In turn, performing
systematic dynamic surface tension measurements, the
liquid metal surface evolution can be successfully observed
as a function of the surrounding atmosphere.

The large-drop technique is a suitable method for per-
forming systematic dynamic surface tension measurements
on liquid metals and alloys [21, 22]. In this case, the solid
support is a special circular crucible with sharp edges. The
design of the edges of the crucible blocks the triple line at
an “apparent” contact angle that is much higher than the
real one and the axis-symmetry of the drop can be imposed.
A further advantage of this method is the high accuracy due
to the large drop used, in fact the size of the drop was
chosen so that the error in surface tension did not exceed
1%.

In addition, due to the difficulties in performing reliable
measurements at high temperature, some standard criteria
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have to be follow in the building of the apparatus and in the
procedures, as described in [23]. The experimental appa-
ratus used for the dynamic surface tension determinations
has already been described in [18]. Recently it has been
supplemented with three solid-state electrodes (POAS-
Setnag®) with internal metal/oxide reference, each kept at
its optimal working temperature, allowing the oxygen
partial pressure to be monitored at different sites in the
apparatus: (a) inside the chamber; (b) at the inlet of the
feed gas; (c) at the outlet of the exhaust gas. In addition, a
high-precision flow meter and a micro-leak valve have
allowed a precise and controlled amount of the gas flux
inside the chamber and an ion gun and gas supply system
have allowed the cleaning of the molten sample surface by
argon ion sputtering.

Samples of the highest purity (99.9999 Marz grade)
Indium of about 2.5 g were mechanically abraded and
chemically cleaned with an organic solvent in an ultrasonic
bath. The sample was placed in a non-oriented mono-
crystalline alumina (sapphire) crucible (r = 5.5 mm). The
crucible with the sample was laid on an alumina holder
sliding in the experimental apparatus. When the apparatus
conditions (temperature, oxygen partial pressure) were
reached, the sample was introduced into the centre of the
furnace by a pushrod magnetic manipulator. The drop
profile of the sample in the crucible was acquired by a CCD
camera and processed with adhoc acquisition software [24]
in a LABView® environment. This acquisition procedure
allows real-time surface tension measurements to be made
and, at the same time, the values of the surface tension and
the other parameters (sample temperature and oxygen
partial pressure) to be followed. Due to its high perfor-
mance in terms of time of acquisition and reliability (up to
10 points per second with an accuracy up to 0.1%), it is
particularly suitable for both static and dynamic measure-
ments. The magnification factor of the system was
calculated for each shape acquisition with an internal ref-
erence. The density, as a function of temperature, was
introduced from literature data [25]. When compared to
other sources [26, 27], the differences in the density data of
the Indium were less than 0.5% over the temperature range
investigated.

To obtain the actual experimental curve, indicating the
oxygen tensioactive effect on the liquid metal an experi-
mental isobaric procedure was utilised, where the imposed
temperature was changed under the constant oxygen partial
pressure of the feed gas until the effect of oxygen is found
[18]. The tensioactivity is revealed by the change of the
temperature coefficient sign. The advantage of the isobaric
procedure over the isothermal one was that the variations in
temperature can be set automatically.

As saturation conditions strongly depend on temperature,
atemperature modulation corresponds to a modulation of the
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saturation level and it is then equivalent to a modulation of
oxygen concentration in the liquid phase [23]. The results of
the application of the isobaric procedure to molten indium
are reported and discussed below.

Results and discussion

The experimental tests were performed varying the tem-
perature at a rate = 5 K/min, under both Knudsen regime
and inert gas flux, in the temperature ranges 533-833 K and
773-1,073 K, respectively. Surface tension measurements
were made at 1 min intervals. In Fig. 1, an example of a test
performed under the Knudsen regime (P, = 1073 Pa) is
shown, the oxygen partial pressure being constant and equal
to 2.6 x 107*Pa. The temperature was increased and
decreased between 533 and 833 K. The temperature modu-
lation allows some significant inversions in the surface
tension behaviour to be noted. The meaning of the ‘inver-
sions’ are clearly explained in [23]. Following the behaviour
shown in Fig. 1, if a negative temperature coefficient is
assumed characteristic of pure In, the oxygen tension-active
effect over the liquid becomes evident between point ‘1’ and
‘2’. When temperature increases, the slope of the surface
tension versus temperature is positive showing the presence
of an oxygen adsorption [23]. The position of ‘2’ can be
approximately symmetrical to that of ‘1’ as a sign of the
reversibility oxygen dissolution in the metal drop. The por-
tion of the curve between ‘1’ and ‘2’ reflects the surface
adsorption due to the segregation of the oxygen dissolved
into the liquid bulk (consequence of the variation of tem-
perature) more than the effect of the external imposed
oxygen partial pressure. The experimental conditions of the

Fig. 1 Dynamic surface tension 570

inversion (‘1 or ‘2’ coordinates) are linked to tension-active
effect, but not necessarily to the formation of stable oxides on
the surface [28] and this effect is identified by the sign
inversion (actually from negative to positive) of the tem-
perature coefficient of the surface tension. Positive
temperature coefficients are not usually reported in litera-
ture, probably because they are considered the consequence
of heavy contamination. On the other hand, in our experi-
ments, the temperature coefficients for what we consider a
‘clean’ surface are easily repeatable, and the sign inversions,
when they occur, are easily detectable. Considering several
consecutive decreasing and increasing temperature seg-
ments, the behaviour of surface tension with the temperature
is almost univocal: its symmetry derives from the tempera-
ture dependence of the oxygen solubility product which is
responsible for the bulk oxygen segregation towards the
surface.

This is particularly evident looking at Fig. 2, where the
data of the same test of Fig. 1 (only for the segments
characterised by a temperature variation) are shown in the
(7, T) plane.

In the light of these facts, the identification of the sign
inversion with the saturation of the interface, which is the
incoming formation of an oxide phase, appears to be a rea-
sonable assumption [23]. The same behaviour had already
been observed for a tin/oxygen system [18] and aluminium/
oxygen system [19]. However, in the case of tin, a slight
difference between the theoretical Effective Oxygen Pres-
sure curve and experimentally available (Po,, T) values
exists: the latter are higher than the thermodynamic value
and the theoretical curve, due to the contribution of the linked
oxygen in the form of sub-oxides and the oxygen diffusion
inside the bulk phase [29]. In the In—O system under Knudsen
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833 K. Two inversion points are
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regime, the oxygen fluxes to and from the oxidised surface
originated in the vaporisation of a compact oxide layer
(InyO3) during its decomposition into other oxides and a
three-phase mono-variant equilibrium was assumed [29].
These conditions are the same as those given by the model
presented by Castello et al. [1] but with the calculated results
shifted towards higher residual pressure values because the
sub-oxide vapour pressures (in particular In,O) were maxi-
mised under the three-phase equilibrium conditions [30].
Under atmospheric pressure, the molecular diffusion is
assumed to be the main process controlling the exchange of
matter between the liquid metal and the surrounding
atmosphere. In this case, chemical reactions in the gaseous
layer are also taken into account and it is possible to verify
that the liquid metal is under steady-state conditions, which
are different from those of thermodynamic equilibrium.
When an inert gas flux (Ar-N60; Py = 10° Pa) was
experimentally applied, different behaviours were found,
depending on both the initial status of the metal drop and
the gas flow rate. In Fig. 3 the results of a test performed
under a low gas flow rate (0.05 L/min; Po, =5 x 1073 Pa
in the inlet inert gas), in the temperature range 773—
1,073 K are shown. The oxygen partial pressure Po, = 4 X
107!° Pa was measured inside the test chamber. Under
these conditions the inversion points were not observed
during the experiment (time., > 16 h) and the surface
tension behaviour indicated that the liquid metal drop was
always in the de-oxidation regime as foreseen by the
Effective Oxygen Pressure curve calculated for the In-O
system. In Fig. 4 an example of a test carried out at con-
stant Po, =5 X 1073 Pa in the inlet inert gas, while
varying the temperature is reported. The variation in the
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temperature over time was set at 5 K/min, the temperature
was in the range 773-1,073 K and the oxygen flux was
maintained at a constant value of 0.05 L/min. In the first
8 h, it was possible to observe a sequence of inversion
points that progressively disappear and an increase of the
value of the surface tension corresponding to the lowest
temperature. In the meantime, a progressive decrease in the
oxygen partial pressure (from Po, = 107 to Po, = 107'3 Pa)
inside the test chamber over time was monitored by the sensors.

The fundamental point is that the entire test was carried
out in surface de-oxidation conditions, for which reason the
trend reported in the figure is not correlated to the value of
Po, inside the test chamber, but is linked to the initial
concentration of the dissolved oxygen in the metal sample.
The inversion point marks a concentration threshold of
dissolved oxygen in the drop above which oxygen manifests
its tensioactive character in relation to Indium. This
threshold concentration should correspond to the saturation
level of oxygen in the metal, and the point at which it begins
to form an oxide on the metal surface. When the tempera-
ture is reduced the solubility of oxygen is also reduced [31]
and it then reaches its saturation concentration on the sur-
face and in the bulk. In fact, when lowering the temperature,
if the drop is “clean”, the surface tension increases at first,
according to the behaviour of pure liquid, then as saturation
is approached, the oxygen content in the liquid surface
increases and the surface tension begins to decrease. The
maximum surface tension for a decrease in temperature or
the minimum surface tension when temperature increases
corresponds to incoming oxidation points.

As the system is in surface de-oxidation conditions, the
oxygen level inside the sample falls over time and, in the



J Mater Sci (2008) 43:2971-2977 2975
Fig. 3 Dynamic surface tension 615 1150
of Indium under Ar flow
rate = 0.05 L/min
600 L
(Po, =5 x 1073 Pa in the 1100
inlet inert gas); Temperature 585
range = 773-1,073 K; + 1050
Po, =4 x 1073 Pa —_
£ 570
2 1000 —
£ %
= 955 o
0o 950 3
2 ©
8 540 E’_
[} 900 E
s\ VA VA Y A
5
M /.
495 V ¥ ¥ V - 800
480 T T T T T T T T T 750
0 1,5 3 4,5 6 7,5 9 10,5 12 13,5 15
Time [h]
Fig. 4 Dynamic surface tension 590 1150
of Indium under Ar flow
rate = 0.05 L/min 570
(Po, =5 x 107° Pa in the - 1100
inlet inert gas); Temperature f’\ m m m m ﬂ ﬂ m r‘-
range = 773-1,073 K; Oxygen L 1050
partial pressure, from —_
Po,= 107* to Po,= 107" Pa g
E - 1000 g
s g
=) 2
@ 950 s
) o
- o
3 TV L O OV I I
@
- V \I U V V U V \’ B
430 1 ¥ { i V 1 1 { - 800
410 \ \ \ \ 750
0 5 10 15 20 25
Time [h]

test considered, after more than 30 h its concentration is
such that even at the minimum test temperature (773 K) it
is not sufficient to saturate the drop and form an oxide film
on the surface. The trend further shows that the liquid
metal drop with a relatively high oxygen content does not
immediately achieve equilibrium with the surrounding
atmosphere: the exchange of material occurring at the
interface brings the metal to steady-state conditions with its
surroundings only after many hours. This behaviour is
confirmed by studying in more detail the dependence of the
temperature coefficient on the oxygen concentration dis-
solved in the metal. For this reason a selection of the

experimental data shown in Fig. 4, was drawn in a tem-
perature—surface tension graph and presented in Fig. 5. The
series are identified according to their temporal sequence
(the trend over time is also presented by the arrow) and
differ only with respect to the moment at which the
inversion in the sign of the temperature coefficient occur-
red. In the linear part (T > 973 K), that characterises the
trends before the inversion point, all the tests are very
similar: independent of their timing of the tests and inde-
pendent of whether the temperature was increasing or
decreasing. The experimental findings are very significant:
(a) the surface tension data do not vary by more than
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2 mN/m in the “linear section” (7 > 973 K); (b) the
temperature coefficient of the surface tension of indium is
independent in a finite range of dissolved oxygen concen-
tration of values of the same concentration.

A similar behaviour was already observed for the tin—
oxygen system and described in detail in [28].

Finally, in Fig. 6, the Effective Oxygen Pressure curve
calculated for the In-O system is shown (bold line). This
quantity is the true limit value of the oxygen partial pres-
sure, discriminating between the surface oxidation and de-
oxidation regimes for the In—-O system and is, as expected,
several orders of magnitude (up to 30 o.m.) higher than the

Temperature [K]

corresponding value of the thermodynamic equilibrium
gas/condensed phase [32] (Psoz—broken line). Liquid mass-
transfer phenomena are also considered [33] so that only
the liquid metal—gas interface could be assumed stationary,
and the oxidation pressure becomes proportional to the
solubility of oxygen in the metal [23]. When all the
experimental points (e.g. under Knudsen regime and under
inert gas flux), which characterised the inversion of the
surface tension versus temperature measured during the
dynamic surface tension tests are reported in the Effective
Oxygen Pressure diagram, a very good agreement is
observed (Fig. 6).

Fig. 6 Effective Oxygen 1,E+05
Pressure curve calculated for the
In-O system (bold line) 1,E+00 AAA A -
compared with the oxygen
partial pressure values of the 1,E-05 1
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Conclusions

The phenomena of oxygen transport at the molten metal—
atmosphere interface and particularly the mechanisms
whereby a molten metal or alloy surface is kept clean even
in the presence of O, impurities in the gas, play a very
important role in most high-tech processes.

From the results obtained from our models, it is possible
to straightforwardly explain the mechanisms which keep a
molten metallic system oxygen-free, despite the thermo-
dynamic driving force, due to an oxygen flux in the
opposite direction to the oxide bond.

The experimental results based on the In-O system
using dynamic surface tension measurements show once
again that the experimental oxidation/de-oxidation transi-
tions occur at values very close to those predicted by the
models and, therefore, higher than the thermodynamic
values, owing to the non-negligible contribution of the
linked oxygen in the form of the volatile In,O sub-oxide.

The stationary drop assumption leads to the definition of
an Effective Oxygen Pressure curve that well describes the
indium experimental data: the data show a very good
agreement with the theory when liquid mass-transfer
effects are taken into account.
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