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The oscillating drop method has been widely used for surface tension measurements of liquids at high temperatures such as molten metals. An experimental device that permits such measurements has been developed at IRDL. This device relies on aerodynamic levitation for the sample to be contactless and on acoustic excitation to make it oscillate at its resonance frequency, which is related to the surface tension with Rayleigh's equation. Beforehand, experimentally, a lateral gas jet blows and controls the rotation of the drop due to its unpredictable behavior. Moreover, the effect of drop mass, usually studied for electromagnetic levitation, remains unknown for aerodynamic levitation. To fill this knowledge gap, levitated drops of different masses were numerically modelled to observe the influence of gravity or additional oscillation modes. It resulted that for light mass drops, such as those used for our surface tension measurement, it is not significant. Finally, our results on iron, niobium, and 304L stainless steel have been compared with literature. For pure metals, we observed a similar decreasing behavior versus temperature. For steel, results highlighted the impact of experimental parameters on the surface tension (length of experiments and composition of the atmosphere). These measurements thus provide original results that will be useful for the numerical modeling of innovative industrial processes such as additive manufacturing or welding.

Introduction

This bibliography only focuses on characterization methods for liquid metals. Surface tension is a parameter of interest regarding numerical modeling of industrial processes including molten metal, such as welding or additive manufacturing. Some methods where the sample is in a container have been developed such as the sessile drop method [START_REF] Dal | Laser based method for surface tension and density measurements for liquid refractory metals (Nb, Ta, and W)[END_REF] or the maximum bubble pressure method [START_REF] Takeda | Development of Maximum Bubble Pressure Method for Surface Tension Measurement of High Viscosity Molten Silicate[END_REF]. But chemical reactions between the container and the sample can occur at high temperatures (above the melting point of common metals), resulting in the sample pollution. Therefore, the surface tension value is hampered by the modification of its composition. With a global uncertainty around ± 1 %, the quasi-containerless pendant drop [START_REF] Wu | Surface Tension of High Temperature Liquids Evaluation with a Thermal Imaging Furnace[END_REF] helps preventing this pollution but cannot permit to reach high temperatures, the drop being attached to the cold rod of the same material. The most used method for surface tension measurement is the oscillating drop associated with containerless methods such as the free-fall drop or multiple levitation methods (electromagnetic, electrostatic, aerodynamic, etc.). The mentioned uncertainty is generally higher, around ± 5 %.

In situ measurement has been performed in arc welding by observing the oscillations of the projected drops of steel [START_REF] Subramaniam | Effect of shield gas composition on surface tension of steel droplets in a gas-metal-arc welding arc[END_REF], [START_REF] Bachmann | In situ droplet surface tension and viscosity measurements in gas metal arc welding[END_REF]. The mentioned surface tension uncertainty is approximately ± 20 %, but it permits to consider the influence of all phenomena implied during the welding process like arcplasma. Moreover, due to the very short time of the experiment, it is possible to perform measurement above 2 000 K [START_REF] Monier | Etude expérimentale du comportement dynamique des phases liquides en soudage par court-circuit contrôlé[END_REF].

The oscillating drop method, which is chosen for this work, is based on the Rayleigh's equation, that gives the surface tension as a function of the resonance frequency of an oscillating drop [START_REF] Rayleigh | On the Capillary Phenomena of Jets[END_REF]. It has been widely used associated with levitation that has already been briefly reviewed in a previous paper [START_REF] Le Maux | Density measurement of liquid 22MnB5 by aerodynamic levitation[END_REF]. Aerodynamic levitation is used in this work for its (proposition:) capacity to measure various physical properties within a large temperature extent. Some levitation devices (only electromagnetic ones to our knowledge) have been used under micro-gravity conditions by sending it in space [START_REF] Egry | Surface Tension of Liquid Metals: Results from Measurements on Ground and in Space[END_REF], in parabolic flight [START_REF] Mohr | Surface tension and viscosity of liquid Pd43Cu27Ni10P20 measured in a levitation device under microgravity[END_REF], or in drop-shaft [START_REF] Fujii | Surface tension of molten silicon measured by the electromagnetic levitation method under microgravity[END_REF]. The levitation tends to complicate the drop oscillations by adding an extra force with the surface tension. Micro-gravity helps to quasi-overcome levitation force and thus simplify the oscillations, making easier the estimation of the resonance frequency in spite of an important cost for each experiment. The free-fall drop method also permits to perform measurements in micro-gravity conditions in a more simple way but with a very short time of experiment, depending on the height of the fall [START_REF] Matsumoto | Measurement of surface tension of molten copper using the free-fall oscillating drop method[END_REF].

The oscillating drop is generally chosen to reach high temperature (above 2 000 K). However, the effect of levitation forces and gravity might be considered and the frequency spectrum has to be analyzed to determine the surface tension. Section 2 of this publication presents the oscillating drop method to measure surface tension of liquid metals with an innovative approach to determine the resonance frequency. Then, the effects of gravity on the surface tension measurement are studied in Section 3. Finally, Section 4 presents and discusses the results of surface tension after measurements on iron, niobium, and 304L stainless steel.

Materials and methods

The oscillating drop method

The oscillating levitated drop is a convenient method for the determination of the surface tension.

Rayleigh first described the relation between the surface tension and the resonance frequency of an oscillating drop in Eq. (1) [START_REF] Rayleigh | On the Capillary Phenomena of Jets[END_REF]:

Eq. (1)
where is the surface tension, is the mass, the resonance frequency, and describes the oscillation mode. In this study, we place ourselves in the case of the mode (Eq. ( 2)), the other ones being insignificant.

Eq. ( 2)

In many cases, static deformation due to both the levitation force and the rotation occurs during the levitation of the sample, leading to a splitting of the mode 2 into five characteristic modes. Each characteristic mode has its own resonance frequency, , , and the shape of the oscillating drop under these modes can be predicted using Legendre functions [START_REF] Egry | Surface tension measurements of liquid metals by the oscillating drop technique[END_REF] (not presented here). Fig. 1 presents a side view corresponding to our experimental device. If we look at that radius variation with a 54.7° angle (considering the vertical to be 0°), the pure mode 2 is not visible from the side view.

Theoretically, it is possible, thanks to a fast Fourier transform (FFT) on the variation of the radii at 0°, 54.7° and 90° over time, to find by discrimination the characteristic frequencies related to the different oscillation modes [START_REF] Sauerland | Surface tension measurements on levitated liquid metal drops[END_REF]. Pure mode 2 should be visible at 0° and 90°, mode 2±1 only at 54.7° and mode 2±2 at 54.7° and 90°. Finally, a sum rule is usually used to calculate the surface tension [START_REF] Dubberstein | Surface tension and density data for Fe-Cr-Mo, Fe-Cr-Ni, and Fe-Cr-Mn-Ni steels[END_REF], [START_REF] Schneider | Measurement of the Surface Tension of Undercooled Liquid Ti 90Al 6V 4 by the Oscillating Drop Technique[END_REF]. The oscillations amplitude is an important point for the oscillating drop method, indeed, Rayleigh's equation being linear is adapted for small drop deformations. Greater deformations would induce a frequency shift that has been previously numerically studied [START_REF] Watanabe | Numerical simulation of oscillations and rotations of a free liquid droplet using the level set method[END_REF]. For a 30 mg drop of 1.9 N•m -1 surface tension, a ± 10 % shift of amplitude oscillations would imply ± 2 % error on the calculated surface tension. This error is limited to ± 0.3 % with ± 5 % of amplitude oscillations. We will thus limit the amplitude to ± 5 % for all the experiments. This agrees with other works mentioning their experimental parameters [START_REF] Langstaff | Aerodynamic levitator furnace for measuring thermophysical properties of refractory liquids[END_REF].

The experimental device

The experimental device is presented in Fig. 2 (see also [START_REF] Le Maux | Density measurement of liquid 22MnB5 by aerodynamic levitation[END_REF]). An argon hydrogen mix Ar + 2.5 %vol.

H 2 is blown through a 60° convergent-divergent nozzle to levitate an approximately 30 mg sample (about 2 mm of diameter for iron alloys) (capital A in Fig. 2). Other atmospheres such as pure argon have recently been studied with this experimental device [START_REF] Klapczynski | Surface tension measurements of liquid pure iron and 304L stainless steel under different gas mixtures[END_REF]. A first numerical flowmeter Brooks SLA5850S controls the lift gas (B). The levitation part is set in a vacuum chamber equipped with borosilicate viewports (C). The upper window is dedicated to the heating laser (IPG Photonics YLR 300/3000 QCW at 1 070 nm) (D) and the pyrometric measurement (E). The heating laser has a 280 W maximal power in continuous mode. It is equipped with a 500 mm focalization optic slightly defocused to make the aimed spot at about 2 mm. The sample temperature measurement is performed by a commercial bichromatic pyrometer (Optris CT Ratio 2MH1) with 1.45 µm and 1.75 µm wavelengths. For this pyrometer, a ratio of the emissivities at the two wavelengths is set to match the solidification plateau as a known temperature of the tested metal. Contrary to the solid state, at liquid state it is assumed that the possible emissivities ratio variation implies temperature variation inferior to the uncertainty measurements [START_REF] Pierre | Simultaneous estimation of temperature and emissivity of metals around their melting points by deterministic and Bayesian techniques[END_REF]. Moreover, considering the temperature reached by the metallic samples, the influence of surrounding environment is insignificant.

A high-speed camera (F) Phantom VEO-E 310L is set in front of a side viewport and the backlighting laser (300 mW, 532 nm diode laser with a beam expander) (G) in front of the opposite window. The sample is heated up by the laser until it becomes liquid. Then an acoustic solicitation is used to make oscillate the liquid sample: a sinusoidal signal is generated, amplified (H), and transformed into pressure waves thanks to a speaker (I). The second flowmeter (B) controls a lateral gas jet to force the drop rotation along the vertical axis (see Section 2.3). Finally, an oxygen analyzer measures the residual oxygen in the pipe of the levitation gas (J). 

Rotation of the sample

One of the difficulties of this work is the determination of the characteristic frequencies with the method previously described in Section 2.1. Indeed, it appears that the drop is subject to random rotations. These rotations have been observed thanks to small corundum particles used as tracers thanks to both their high emissivity and the self-illumination of the sample. These rotations make difficult the identification of the peaks on the spectra obtained with the FFT. For example, Fig. 3 presents a normalization of the sample radii variations versus the frequency for three angles. One peak is clearly visible around 200 Hz on the three spectra although none of the oscillation mode should appear. Moreover, among all the peaks on the left, it is not possible de distinguish which ones are related to an oscillation mode or to background noise. Finally, even for measurements attempted with constant experimental parameters, the spectra obtained are different making the experiments unrepeatable and uncertainty important. In electromagnetic levitation, the sample naturally rotates along the vertical symmetry axis of the coil [START_REF] Fraser | Surface tension measurements on pure liquid iron and nickel by an oscillating drop technique[END_REF]. With electrostatic levitation, supplementary small coils impose a rotation along the vertical axis, making possible to control the rotation speed [START_REF] Rhim | Noncontact electrical resistivity measurement technique for molten metals[END_REF]. With aerodynamic levitation, the effect of an imposed rotation has been studied by Millot et al. [START_REF] Millot | Analysis of Surface Tension from Aerodynamic Levitation of Liquids[END_REF], but no measurement is reported. Nevertheless, the authors implicitly consider that the drop naturally rotates along the vertical axis at the speed of about 30 rad•s -1 . Since no such rotation is observed, our experimental device is modified to control the drop rotation: a thin gas jet is blown through a needle on the side of the levitated drop, as seen in Fig.

4.

The needle is positioned at the equator of the drop. The variation of the size of the sample with temperature makes it difficult to have an optimal position, resulting in a rotation axis slightly shifted from the vertical. The main point here is to have a fixed rotation axis instead of an unpredictable one as described before. Once again corundum particles are used to visualize the drop rotation. The speed is estimated around 150 rad•s -1 , which is higher than the value previously stated by [START_REF] Rhim | Noncontact electrical resistivity measurement technique for molten metals[END_REF]. This is the slowest speed our system can achieve, a smaller gas flow through the needle being unable to induce a rotation of the drop. However, it is important to keep the rotation speed as slow as possible. Indeed, some experiments with different gas flows have been performed on iron. Fig. 5 shows the evolution of the surface tension versus the shape ratio rx/ry, meaning the radii ratio. The values close to a unity shape ratio are the ones obtained with the smallest gas flow allowing a control of the rotation. It appears that a higher rotation speed induces a deformation of the drop due to centrifugal force, modifies its resonance frequency, and leads to overestimate the surface tension. Numerous experiences allow to set up a method that does not deform the drops by adjusting the gas flow. Then, this method has been used for the measurements presented in this paper. It appears that not only the experiments are now repeatable thanks to the controlled rotation, but also that split modes are suppressed, leaving alone the pure mode 2. Fig. 6 present the spectra, in the same manner as Fig. 3, obtained for an experiment with controlled rotation. One single peak is clearly visible at 0° and 90°, but nothing appears at 54.7°, which is characteristic of the pure mode 2 (see Fig. 1). The calculus of surface tension is then straightforward as the frequency read on the spectrum that we attribute to the pure mode 2 is considered as the resonance frequency.

Fig. 6 Spectra obtained with a FFT on the variation of the radii over the frequency with a controlled rotation of the drop. The amplitude of the spectra is normalized to 1 and shifted for clarity.

Post-treatment

The video captured by the high-speed camera is automatically post-treated with Matlab ® frame by frame, as already described in [START_REF] Le Maux | Density measurement of liquid 22MnB5 by aerodynamic levitation[END_REF]. Each frame is cropped to only keep the drop in the frame. Then the image is binarized and an edge detection is applied. The coordinates of each point of the edge are used as input data for an ellipse fitting function that returns the long radius, the short radius, and the shift angle. These parameters permit us to calculate the radii at 0°, 54.7°, and 90°. A FFT is then applied on the radii variation signals, returning a spectrum where the characteristic frequencies can theoretically be read (see Fig. 6).

Numerical analysis of the effect of drop mass

Numerical modeling of the experiment

The effect of gravity has been studied by previous researchers for electromagnetic levitation, leading to a correction law to consider it [START_REF] Cummings | Oscillations of magnetically levitated aspherical droplets[END_REF], then mostly used in many following works for surface tension measurements. Some works has been performed in microgravity by sending the experimental device in a plane for a parabolic flight [START_REF] Mohr | Surface tension and viscosity of liquid Pd43Cu27Ni10P20 measured in a levitation device under microgravity[END_REF] or in the International Spatial Station [START_REF] Brillo | Thermophysical property measurements of liquid metals by electromagnetic levitation[END_REF], thus to suppress the effect of gravity. To our knowledge, this kind of study has never been done for aerodynamic levitation. We assume that gravity is usually neglected because of the small size of the drops (generally 2 to 3 mm with a mass of 30 to 150 mg for metals [START_REF] Langstaff | Aerodynamic levitator furnace for measuring thermophysical properties of refractory liquids[END_REF]). The absence of static deformation of the levitated drop, which profile appears to be experimentally perfectly circular, leads to the hypothesis that gravity can be neglected. Significantly larger drops are flattened due to their own mass affected by gravity, which is the case for the sessile drop method [START_REF] Dal | Laser based method for surface tension and density measurements for liquid refractory metals (Nb, Ta, and W)[END_REF]. Moreover, results obtained on pure metals such as nickel with aerodynamic levitation [START_REF] Glorieux | Aerodynamic levitation: An approach to microgravity[END_REF] agree well with the ones obtained with electromagnetic levitation once applied the correction law.

However, we propose to verify the impact of gravity (potentially leading to significant static error on surface tension the measurement) on a levitated drop of metal with a numerical model. Measurements with the same material but with a varying sample mass from 20 mg to 160 mg have been carried out [START_REF] Glorieux | Surface Tension of Liquid Alumina from Contactless Techniques[END_REF], but the authors found it difficult to draw conclusions from these results. We prefer a numerical approach over an experimental one because of the difficulty to stabilize large levitated drop with our device due to strong surface oscillations appearing with 100 mg drops in our former experiments.

We chose to modelized a drop of iron for two reasons. Firstly, the surface tension of iron very wellknown. Secondly, this is the closest pure material to steel the experimental device is mainly designed for. A 2D axisymmetric geometry is preferred for faster computing reasons (see Fig. 7), supposing that there is no fluid movement around the z-axis (no rotation of the drop for example). The density of liquid iron drop has been measured previously with this experimental device [START_REF] Le Maux | Density measurement of liquid 22MnB5 by aerodynamic levitation[END_REF], and has been chosen around its solidification point ( 1 = 7 000 kg•m -3 ). For a 2.2 mm diameter, the mass of the drop is around 30 mg, which matches with the aimed mass for the experiments. The value of surface tension is chosen to 1.9 N•m -1 •K -1 , corresponding to the data found in the literature around the solidification point. The model solves only fluid flow equations in liquid metal and gas. The free surface deformation is modeled through a mobile mesh method A.L.E [START_REF] Donea | An arbitrary lagrangian-eulerian finite element method for transient dynamic fluid-structure interactions[END_REF].

In order to describe fluid movements in both gas and liquid metal, two identical equations of momentum conservation are solved (Eq. ( 3)). Additionally, a source term is added to consider the effect of gravity on the gas and on the drop. Regarding the very low expected velocities, both fluids (gas and liquid metal) are considered incompressible with mass conservation equation (Eq. ( 4)).

Eq. (

Eq. ( 4)

where ρ is the density, p the pressure, is the velocity field and the subscript i is either the metal (1) or the gas (2). To simulate the acoustic excitation, a sinusoidal gas inlet boundary conditions is imposed on the fluid velocity (Eq. ( 5)):

Eq. ( 5)

where Ve is the average fluid velocity (or the fluid velocity without acoustic excitation) that has been calculated from the experimental gas flow and diameter of the nozzle, A is set so that the amplitude of the oscillation response of the drop is around ± 5 % of the original radius of the drop (as the same manner as the acoustic volume of the speaker is set), and f is a frequency sweep of 60 Hz centered on the theoretical resonance frequency (obtained with Rayleigh's equation and the surface tension data from the literature).

At the interface between both fluids, surface tension (Eq. 6) and velocities continuity (Eq. 7) are taken into account:

Eq. ( 6)

Eq. ( 7)

where is tensor of viscous stresses, κ is the curvature, and μ is the dynamic viscosity. Since the drop is subject to deformation under the influence of two types of oscillations, a mobile mesh is used (Eq. ( 8)). Firstly, the initial height of the drop set for the model is generally slightly higher than the optimal one, so the drop oscillates on a mode 1 (translation) before stabilizing. Secondly, the acoustic excitation generates mode 2 oscillations.

Eq. ( 8) The laser heating and the radiative and convective heat losses are not modelized, the drop remains at the same temperature. A part of the nozzle is modelized to simulate the gas flow around the drop, which is used to simulate the acoustic excitation: a sweep of 60 Hz around the theoretical resonance frequency over few seconds. Three probes are set on the drop to measure its variations: on the top, on the bottom and on the equator. The difference between the first two gives the vertical diameter and the third directly gives the horizontal radius. A fourth probe is used to observe the vertical translation of the drop. A FFT is applied on the spectrum representing the evolution of the drop diameter or radius variation over frequency, allowing identify the resonance frequency. Then the surface tension is calculated with Rayleigh's equation and compared with the initial one set for the model.

Comparison with experiment

To validate the model, a simulation is performed with the same parameters as an experiment chosen as representative of the surface tension measurements. The mass of drop for this experiment is 33 mg and the estimated surface tension is 1.84 N•m -1 . Fig. 8 presents the comparison between experimental and simulated normalized amplitude of the drop diameter versus the frequency. In both cases, a single peak is visible, centered at 218 Hz. The peak from the model is much larger, which is probably due to the acoustic excitation, in reality a pressure variation modelled here as a variable velocity for numerical reasons. With this method, the drop is excited during the whole frequency sweep but the resonance frequency can still be read on the spectrum. Fig. 8 shows that consistent results are obtained between the experiment and the numerical simulation. 

Results of the model and discussion

To exploit this model, a parametric analysis is performed with a varying mass from 30 mg (as in our experiment) to approximately 500 mg. Another nozzle has been resized to stabilized drops massing more than 100 mg.

In the case of drops of more than 100 mg, we observe non-linear effects on the oscillations. This is visible on the diameter variation over time as displayed in Fig. 9. Strong oscillations appear between 0.75 s and 1.2 s, but the frequency of these oscillations, being out of the frequency range swept by the excitation, is not related to the resonance frequency. Actually, it is related to mode 1 oscillations (translational), and induces mode 2 oscillations as the drop bounces in the nozzle. The oscillations related to the resonance frequency are barely visible around 1.75 s. This shows the limit of the observation of only mode 2 oscillations. For comparison, the diameters variation for a 30 mg is displayed on Fig. 10. In this case, only large amplitude oscillations are seen when the resonance frequency is reached around 1.2 s. The diameter variations for several drops of different masses are post-treated with FFT, and the spectra are displayed in Fig. 11. For a sake of clarity, the possible mode 1 oscillations (described before) have been removed. As the drop mass increases, the resonance frequency decreases, which is predictable with Rayleigh's equation. A frequency shift is calculated with the ratio of the numerically obtained frequency to the theoretical resonance frequency, the results are summarized in Fig. 12. For light mass drops, for which the gravity should not have significant effect, the frequency shift is expected to be equal to 1. However, a shift is observed for the 30 mg drop (0.995) that would induce a 0.9 % error (not negligible but rather low). This shift is attributed to error related to numerical calculus (mesh and time steps), and therefore is not considered. For heavier drops, the frequency shift is significant from 234 mg (1.01 inducing a 2.5 % error) and increases with the mass: at 515 mg, the shift is 1.11 inducing a 23.8 % error. It is important to state that it is not the mass of sample itself that induces the frequency shift, but the deformation due to gravity. For example, no frequency shift should be observed in microgravity where gravity will not deform heavy drops. In conclusion, for samples used with aerodynamic levitation weighing between 30 mg and around 200 mg, a correction law of the type used for electromagnetic levitation should not improve significantly the accuracy of surface tension measurement, but could be considered for heavier drops. performed. Errors bars are displayed for each measurement points with the uncertainty expressed previously. It appears that, generally, the dispersion is greater than the error bars. We explain this mostly by the pollution of the samples, which is a source of uncertainty that we cannot quantify and highlights the need of extreme care for cleanliness of both samples and atmosphere.

The surface tension results on iron (solidification temperature T f = 1 808 K) are compared with two previous works representative of the literature [START_REF] Morohoshi | Surface Tension of Liquid Iron as Functions of Oxygen Activity and Temperature[END_REF], [START_REF] Wille | Thermophysical Properties of Containerless Liquid Iron up to 2500 K[END_REF] and displayed in Fig. 13. Each work finds out that results can be approximated with a decreasing linear law over the temperature ( for our work with T the temperature in kelvin). The values globally overlap but the slopes are different: our one is -1.54 N•m -1 •K -1 while other works reported -2.85 N•m -1 •K -1 and -4.55 N•m -1 •K -1 .

However, it is important to precise that the purity of our samples is 99.95 % against 99.99 % and 99.997 % for the works mentioned here, and that the surface tension is very sensitive to pollution. The difference in the measurements is assumed coming mainly from the difference of purity.

Fig. 13 Surface tension of iron. Dotted line is the solidification temperature (1 808 K). Literature [START_REF] Morohoshi | Surface Tension of Liquid Iron as Functions of Oxygen Activity and Temperature[END_REF], [START_REF] Wille | Thermophysical Properties of Containerless Liquid Iron up to 2500 K[END_REF].

For niobium (solidification temperature T f = 2 750 K), our results are compared with results from other works (see Fig. 14), that we supposed have mostly been obtained thank to methods with contact because of the presence of only one value at the melting point [START_REF] Allen | The surface tension of liquid transition metals at their melting points[END_REF]- [START_REF] Arkhipkin | Installation for measuring the surface tension of liquid refractory metals[END_REF]. Only one publication reporting values as function of the temperature has been found [START_REF] Paradis | Non-Contact Measurements of Surface Tension and Viscosity of Niobium, Zirconium, and Titanium Using an Electrostatic Levitation Furnace[END_REF]. Again, our results can be approximated with a decreasing linear law ( for our work). Our slope is -3.59 N•m -1 •K -1 while the other work reported -1.99 N•m -1 •K -1 . Our sample purity is 99.9 % (this detail is not mentioned by [START_REF] Wille | Thermophysical Properties of Containerless Liquid Iron up to 2500 K[END_REF]- [START_REF] Paradis | Non-Contact Measurements of Surface Tension and Viscosity of Niobium, Zirconium, and Titanium Using an Electrostatic Levitation Furnace[END_REF]). In any case, our measurements can complete niobium surface tension literature, especially above 3 000 K. Only that last part agrees with literature [START_REF] Ozawa | Influence of Oxygen Partial Pressure on Surface Tension of Molten Type 304 and 316 Stainless Steels Measured by Oscillating Droplet Method Using Electromagnetic Levitation[END_REF] showing a linear decreasing behavior. One assumption to explain this strong difference is the duration of experiments under a mixture of argon and dihydrogen atmosphere. Dihydrogen is used for its ability to capture oxygen present in the atmosphere and at the surface of the liquid naturally present in the sample. Our experiments last less than 10 s to keep the chemical composition of the alloy. So results presented are close to the welding and additive manufacturing processes in terms of time and gas environment. This behavior, increasing up to 1 900 K and then decreasing is classically seen for Fe-O and Fe-S couples [START_REF] Sahoo | Surface tension of binary metal-surface active solute systems under conditions relevant to welding metallurgy[END_REF] and commonly used for not deoxidized steels like in [START_REF] Ozawa | Influence of Oxygen Partial Pressure on Surface Tension of Molten Type 304 and 316 Stainless Steels Measured by Oscillating Droplet Method Using Electromagnetic Levitation[END_REF]. 

Conclusion

This paper presented the measurement of the surface tension of iron, niobium, and 304L stainless steel using Rayleigh's equation. This equation relies the surface tension with the resonance frequency. This latter parameter has been experimentally measured with the help of the oscillating drop method. One of the challenges that has been faced is the difficulty to determine it on the spectrum obtained from the oscillating drop because of its unpredictable rotation. The proposed solution has been to blow a gas jet on the side of the drop to control its rotation along the vertical axis. In result, the spectrum displays only one peak considered representative of the resonance frequency, which makes the analysis straightforward. This raises questions about the effect of deformation of the drop induced by the rotation, since an overestimation of surface tension with strong deformations has been observed.

Awaiting further analysis, we performed surface tension measurements with the slowest rotation speed reachable.

A numerical study of levitated drops has been performed to analyze the effect of drop mass on the calculus of the surface tension. It appears that for light mass drops (less than 200 mg), it does not have a significant impact, but for heavier ones, both mode 3 oscillations and gravity should be considered for a more precise surface tension calculus.

Our results on iron show quite good agreement with literature. The difference (concerning mostly the slope) stems mostly from the initial purity of the sample. The results on niobium can complete the literature, which lacks of data on this material. Finally, the results on 304L stainless steel show an increasing-decreasing behavior, unlike literature which is linearly decreasing. Indeed, our time experiments are much shorter and thus, closer to industrial processes conditions using this material.

Fig. 1

 1 Fig. 1 Side view of spherical drop with exhibiting oscillations at the characteristic frequencies of mode 2.

Fig. 2

 2 Fig. 2 Scheme and photography of the experimental device. Only elements A, C, D, E, and G are visible on the photography.

Fig. 3

 3 Fig.3Spectra obtained with a FFT on the variation of the radii over frequency. The amplitude of the spectra is normalized to 1 and shifted for clarity.

Fig. 4

 4 Fig. 4 Needle positioned to control the rotation of the levitated drop.

Fig. 5

 5 Fig. 5 Calculated surface tension as function of the shape ratio. Radius rx is the horizontal one and radius ry the vertical one.

Fig. 7

 7 Fig. 7 Geometry and mesh of the model with the example of a 30 mg drop and the nozzle corresponding to the one used experimentally. Homogeneous elements of 60 µm.

Fig. 8

 8 Fig. 8 Spectra comparison between an experiment and the corresponding model (same mass and surface tension).

Fig. 9

 9 Fig. 9 Diameters and height of a 515 mg drop subject to oscillations.

Fig. 10

 10 Fig. 10 Diameters and height of a 30 mg drop subject to oscillations.

Fig. 11 FFT

 11 Fig. 11 FFT spectra obtained for different drop masses.

Fig. 12

 12 Fig. 12 Frequency shift as function of the drop mass. The frequency shift is defined as the ratio of numerically obtained frequency to the theoretical frequency.

Fig. 14 15 .

 1415 Fig. 14 Surface tension of niobium. Dotted line is the solidification temperature (2 750 K). Literature [31]-[34].

Fig. 15

 15 Fig.[START_REF] Dubberstein | Surface tension and density data for Fe-Cr-Mo, Fe-Cr-Ni, and Fe-Cr-Mn-Ni steels[END_REF] Surface tension of 304L stainless steel. Dotted line is the solidification temperature (1 694 K). Literature[START_REF] Ozawa | Influence of Oxygen Partial Pressure on Surface Tension of Molten Type 304 and 316 Stainless Steels Measured by Oscillating Droplet Method Using Electromagnetic Levitation[END_REF].

Results

Uncertainties

According to Rayleigh's equation, the surface tension measurement depends on two parameters, the resonance frequency and the mass of the drop. The uncertainty is thus given by Eq. ( 9): Eq. ( 9)

Main uncertainty sources for the determination of these two parameters are the pollution of the sample, the effect of external forces such as gravity, the presence of other oscillation modes than mode 2, the mass measurement, the determination of the resonance frequency on the spectrum, and the resonance frequency shift due to oscillations amplitude.

A special attention has been paid to avoid the pollution of the samples. The oxygen level has been lowered to less than 1 ppm (sealing of the enclosure, use of hydrogen to capture oxygen). However, pollution can still come from the impurities initially present in the sample. The nature of these impurities being unknown, the impact on the measurement of the surface tension are not quantifiable, especially for steels, which composition already includes many elements in variable quantities depending on the supplier and the casting quality. As explained in Section 3.3, the gravity and the presence of other oscillation modes do not seem to have significant impact. The uncertainty on the measurement of the mass is given by the resolution of the balance (± 5 µg): the average mass of a sample (30 mg) giving Δm/m = ± 0.02 %. The uncertainty on the resonance frequency of the spectrum is due to the sharpness of the peak: its precision holds within ± 1 Hz in the worst case, giving Δv r /v r = ± 0.45 % for a 220 Hz resonance frequency. These quantifiable uncertainties give Δγ/γ = ± 0.9 %.

The uncertainty on the temperature measurement is difficult to estimate considering the lack of data in literature concerning the evolution of emissivity of liquid metal with temperature. Therefore, the temperature uncertainty is not evaluated here.

Surface tension results

The method for surface tension measurement has been applied on two pure metals (iron and niobium) and on an alloy (304L stainless steel). Iron has been widely studied and thus is an appropriate material for comparison with literature. On the opposite, niobium and 304L steel are not very documented, especially at high temperature. Our measurements will therefore complete the database on those materials. The highest temperature able to be reached with our experimental device is limited by heat losses mostly due to evaporation. Also, it is difficult to go down to low temperatures (close or below solidification point) because of the lack of temperature regulation when these measurements were
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