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Introduction

Molten aluminum alloys, widely used for casting of lightweight parts with high mechanical properties, tend to oxidize very quickly when put in contact with ambient air. An ultrathin to thin oxide film, usually less than one micrometer thick, develops at the liquid metal-air interface which modifies durably the mechanical boundary condition and disturbs the flows during casting processes. The oxide film can be encapsulated and further dragged away into the bulk under the effect of surface agitation induced by hydrodynamics [START_REF] Divandari | Oxide film characteristics of al-7si-mg alloy in dynamic conditions in casting[END_REF]. John Campbell demonstrated that the encapsulation process necessarily leads to embedded oxide films (bifilms) between which air can be trapped [START_REF] Campbell | Entrainment defects[END_REF]. As a result, micro-porosities are formed after solidification process [START_REF] Campbell | Castings[END_REF][START_REF] Fox | Visualisation of oxide film defects during solidification of aluminium alloys[END_REF], which can have major consequences on the quality and fatigue life of the cast parts [START_REF] Nyahumwa | Effect of mold-filling turbulence on fatigue properties of cast aluminum alloys (98-58)[END_REF][START_REF] Major | Porosity control and fatigue behavior in a356-t61 aluminum alloy[END_REF]. Many industrial techniques have obviously been developed to reduce as much as possible the encapsulation of oxide particles and the subsequent formation of bifilms and micro-porosities. Most of these techniques are essentially based on the use of filters in order to limit the entrainment of oxidized particles issued from surface stirring but they remain insufficient due to fast oxydation kinetics.

The impact of the oxide film on the supporting flow is not properly taken into account. The selection of the right boundary condition to be applied along the surface in contact with ambient air is not straightforward because the continuity of the tangential stresses between the molten metal and air is questionned.

Whatever the mechanical behaviour of the oxide layer that covers the surface, two asymptotic boundary conditions are most often considered: either a slip condition, as usual for free surface flows, or a no-slip condition whether the oxide film behaves as a deformable membrane. In fact, the continuous formation of an oxide film at the metal-air interface leads to an evolutive change in the boundary condition that can strongly affect the surface flow by increasing viscous dissipation. Thus, a better modelling of liquid metal flows essentially relies on the introduction of a new and more appropriate boundary condition.

This issue becomes all the more critical that the surface to volume ratio keeps growing with the newly arising processes related to 3-D printing [START_REF] Murr | 3d metal droplet printing development and advanced materials additive manufacturing[END_REF] and additive manufacturing of light metals [START_REF] Aboulkhair | 3d printing of aluminium alloys: Additive manufacturing of aluminium alloys using selective laser melting[END_REF].

Outlines

As an attempt to better take into account the mechanical role of the oxide film, some ingredients of surface rheology [START_REF] Edwards | Interfacial transport processes and rheology, 1st Edition[END_REF] are considered in this paper. A model based on a singular fluid interface is then privileged by considering a macroscopic approach, referred to as the Gibbs approach [START_REF] Aris | Vectors, Tensors and the Basic Equations of Fluid Mechanics[END_REF]. The later involves in-excess surface quantities which need to be further identified from experiments.

One of the most well-known (in-excess) surface quantities is the surface tension γ, which results from the jump in intermolecular forces exerted on both sides of a liquid-gas interface at thermodynamic equilibrium. When a fluid interface is subjected to deformation, dissipation mechanisms can also arise within the interface, which can be properly taken into account by introducing the surface shear viscosity η s , and the surface dilatational viscosity χ s .

Because no such data seem available in the literature devoted to aluminum alloys, the focus is first given to the surface shear viscosity, making use of an annular MHD surface viscometer (MaDip experiment), recently developed at the SIMaP/EPM laboratory [START_REF] Delacroix | Low rm magnetohydrodynamics as a means of measuring the surface shear viscosity of a liquid metal: A 29 first attempt on galinstan[END_REF]. The classical configuration of the annular viscometer, historically designed by Mannheimer and Schechter [START_REF] Mannheimer | An improved apparatus and analysis for surface rheological measurements[END_REF] in 1970s, is considered by many authors for the determination of the surface shear viscosity of a liquid sample covered by surfactants such as carboxylic acids or protein monolayers [START_REF] Lopez | Non-newtonian behavior of an insoluble monolayer: effects of inertia[END_REF][START_REF] Hirsa | Measurement and computation of hydrodynamic coupling at an air/water interface with an insoluble monolayer[END_REF][START_REF] Drazek | A first attempt to enhance the 2-d single-crystal growth of a protein at an air/water interface from hydrodynamics[END_REF][START_REF] Davoust | Flow-induced melting of condensed domains within a dispersed langmuir film[END_REF][START_REF] Balaraj | Surface shear viscosity as a macroscopic probe of amyloid fibril formation at a fluid interface[END_REF]. In this device, whose cross section is shown on the right side of Fig. 1, an annular shear flow is end-driven by a rotating floor at an angular speed Ω, between an inner side wall (radius: r i ) and an outer side wall (radius: r o ). The interface, supported by the sub-phase (depth: h 0 ), is therefore sheared between two static side walls. An accurate measurement of the surface velocity field, as performed via the introduction of tracers along the interface, allows the shear surface viscosity to be identified by comparison with the Mannheimer and Schechter analytical solution [START_REF] Mannheimer | An improved apparatus and analysis for surface rheological measurements[END_REF]. Quite recently, the addition of a uniform vertical magnetic field has been proved particularly relevant for the characterisation of an electrically conductive liquid metal also subjected to oxidation [START_REF] Delacroix | Low rm magnetohydrodynamics as a means of measuring the surface shear viscosity of a liquid metal: A 29 first attempt on galinstan[END_REF]. The interaction between a static magnetic field and the annular flow induces loops of electrical current densities, which affect in return the flow due to the Lorentz force. As a decisive feature, the magnetic field promotes the diffusion of the angular momentum from the rotating floor up to the liquid surface [START_REF] Delacroix | Electrical activity of the hartmann layers relative to surface viscous shearing in an annular magnetohydrodynamic flow[END_REF]. This feature, commonly referred to as 2D tendency [START_REF] Sommeria | Why, how, and when, mhd turbulence becomes two-dimensional[END_REF], has been proved to extend the measurement range of a surface viscometer for liquid metals, allowing the study of highly viscous interfaces. Besides, the 2D tendency also enhances the sensitivity of the device by monitoring accurately the viscous shear at the interface. Another decisive benefit of the magnetic field is the extinction of the swirl component due to the centrifugally-induced overturning flow [START_REF] Delacroix | On the role of surface rheology in a magnetohydrodynamic swirling flow[END_REF]. For a large magnetic field, the flow becomes purely azimuthal, which makes it possible to measure the surface shear viscosity only and to get rid of the surface dilatation, whatever the value of the Reynolds number is, as long as the Stuart number remains large enough [START_REF] Moreau | Magnetohydrodynamics[END_REF].

For all these reasons, a new experimental device has been developed involving the magnetohydrodynamic (MHD) annular flow of molten aluminum alloy, covered by an ultrathin to thin oxide film. Before presenting the experimen-tal set-up and the original results, some theoretical foundations are discussed, with a brief introduction to the oxidation process that occurs at the surface of a melted aluminum alloy and some details on the surface rheology of an oxide layer.

Theoretical ingredients

Oxidation process

Most of the metals are extracted from minerals found in the earth's crust.

Metal ores are often composed of oxide, such as bauxite which has a high alumina content (Al 2 O 3 ). Therefore, the aluminum which is produced from the reduction of this oxide tends to return to a more stable form by oxidizing spontaneously, whether in solid or liquid state. The Gibbs free energy of reaction, denoted ∆ r G 0 (kJ.mol -1 ), permits to assess the ability of a metal element M to generate an oxide M x O y . By convention, the oxidation reaction is always based on one mole of dioxygen, according to the following balance equation:

2x y M + O 2 (g) -→ 2 y M x O y . (1) 
Table 1 provides values for some oxidation reactions of additives commonly used in aluminum alloys. As it can be seen, all the listed chemical elements have a strong affinity with oxygen, especially light metals such as aluminum or magnesium for which oxidation is unavoidable.

Regarding pure aluminum and some of its alloys, it is commonly accepted that an increase in temperature [START_REF] Sleppy | Oxidation of molten high-purity aluminum in dry oxygen[END_REF][START_REF] Cochran | Oxidation of high-purity aluminum and 5052 aluminum-magnesium alloy at elevated temperatures[END_REF], humidity [START_REF] Rault | Etude de la cinétique d'oxydation des alliages aluminiummagnésium liquides sous air humide[END_REF][START_REF] Rault | In situ study of liquid al-mg alloys oxidation[END_REF] or oxygen partial pressure [START_REF] Surla | Oxydation d'un alliage al-mg l'tat liquide. mthodologie de dtermination des mcanismes partir d'expriences non ncessairement reproductibles[END_REF][START_REF] Surla | Kinetic study of the oxidation by oxygen of liquid al-mg 5% alloys[END_REF] leads to a faster and more intense oxidation process. Magnesium addition is also well known to deliver adverse effects on the oxidation of aluminum alloys with a significant increase in the reaction kinetics [START_REF] Haginoya | Oxidation of molten al-mg alloys[END_REF][START_REF] Impey | A study of the effect of magnesium additions on the oxide growth morphologies on liquid aluminum alloys[END_REF].

Indeed, the composition of the oxide film as well as the growth process mainly depend on the magnesium content, since the latter is the most reactive chemical compound among additives commonly used in aluminum alloys, as confirmed by the Gibbs free energy. In the case of the A356 aluminum alloy, which is well-documented in the literature, the oxidation reaction leads to the formation of magnesium aluminate (MgAl 2 O 4 ) [START_REF] Dennis | Effects of magnesium, silicon, and strontium on the oxidation of molten aluminum[END_REF][START_REF] Miresmaeili | Effect of strontium on the oxidation behavior of liquid al-7si alloys[END_REF], commonly referred to as spinel. The oxidation process is then based on magnesium transport [START_REF] Rault | Etude de la cinétique d'oxydation des alliages aluminiummagnésium liquides sous air humide[END_REF], the latter being the restricting reagent due to its low mass content relative to other chemical elements together with its high reactivity. Therefore, magnesium is diffused through the oxide layer, and reacts at the oxide-gas interface with the adsorbed oxygen and the presumed excess aluminum. As the oxidation process progresses, the oxide layer continues to grow from a few tenths of a nanometre after a very short exposure time in the ambient air, typically several seconds, to a few tenths of a micrometre for exposure times of several hours.

In this paper, the impact of the oxide layer formed during casting processes on the flow of molten aluminum alloy is of particular interest. The case of a residual oxide layer likely to develop over a very short characteristic time, as shown in Fig. 2, is therefore addressed. Consequently, an accurate monitoring of the oxygen content within the surrounding atmosphere is essential to control the oxidation process, so that oxygen becomes the restricting reagent for the formation of spinel. 

Mechanical behaviour of the oxide layer

When a liquid metal-gas interface is populated by a heterogeneous chemical content, such as an oxide layer, surface rheology could reveal itself as a relevant attempt for a better description of its mechanical behaviour. As seen above, a sufficiently low oxidation level implies a very thin oxide layer (Fig. 2), so that its thickness can be neglected compared to the macroscopic length scale. The Gibbs approach, based on a global vision of the liquid-gas interface, is therefore preferred, so that the interface is considered as a two-dimensional medium of zero thickness. This makes it possible to appraise the system as a strong coupling between 3D hydrodynamics of the supporting sub-phase flow, and 2D dynamics of the interface. Due to the sudden changes in physical properties across the interface, the introduction of in-excess surface quantities is required: the surface shear viscosity η s , the surface dilatational viscosity χ s , and the surface tension γ.

The latter are classically taken into account by introducing a momentum balance written on an elementary heterogeneous volume straddling the 2D interface, which leads to the introduction of the jump momentum balance:

div s T s = T .n . (2) 
This expression simply reflects a balance between the (surface) divergence of the surface stresses, intrinsic to the interface, and the jump in stresses exerted on both sides of the interface by the adjacent phases. The mechanical behaviour of the oxide film is then described via the expression of the surface stress tensor, T s , which describes the stresses involved within the interface itself, in response to the surface strain rates. In most cases, the Boussinesq-Scriven model [START_REF] Edwards | Interfacial transport processes and rheology, 1st Edition[END_REF], based on a Newtonian interface, is sufficient to correctly describe the mechanical behaviour of an interface in permanent regime. According to this constitutive law, the surface stress tensor is linearly related to the surface rate-of-deformation tensor D s , with:

T s = γI s + χ s -η s tr D s I s + 2η s D s , (3) 
and where I s represents the surface projection tensor.

However, just as for bulk properties of certain fluids, interface properties may depend on flow conditions. Many authors have already experimentally observed a reduction in surface viscosity with the increase in shear rate at the interface [START_REF] Patil | Surface viscosity of monomolecular films of n-long chain alcohols at various temperatures and pressures[END_REF][START_REF] Erni | Stressand strain-controlled measurements of interfacial shear viscosity and viscoelasticity at liquid/liquid and gas/liquid interfaces[END_REF][START_REF] Raghunandan | Predicting steady shear rheology of condensed-phase monomolecular films at the air-water interface[END_REF], using a variety of experimental devices and for different kinds of chemical content (surfactants, proteins or amphiphilic nanoparticles).

Indeed, a velocity gradient along the interface can cause molecular rearrangements, generally resulting in a change in surface flow mobility. Accordingly, a fluid interface may exhibit a behaviour of shear-thinning type, in the same way as fluids such as blood [START_REF] Bodnár | On the shear-thinning and viscoelastic effects of blood flow under various flow rates[END_REF][START_REF] Akbar | Carreau fluid model for blood flow through a tapered artery with a stenosis[END_REF], and certain polymer solutions [START_REF] Morris | Concentration and shear rate dependence of viscosity in random coil polysaccharide solutions[END_REF][START_REF] Muller | Rheology of shear thinning polymer solutions[END_REF] whose "apparent" dynamic viscosity decreases as shear rate increases. The relationship between surface stress and surface rate-of-deformation then becomes non-linear.

Here, a non-Newtonian viscous interface is characterized by surface viscosities that depend on interfacial deformation kinetics.

Many models [START_REF] Pintar | Interfacial shear viscosity phenomena in solutions of macromolecules[END_REF][START_REF] Underhill | Modelling steady shear flows of newtonian liquids with non-newtonian interfaces[END_REF][START_REF] Raghunandan | Predicting steady shear rheology of condensed-phase monomolecular films at the air-water interface[END_REF] have been proposed to describe the evolution of the apparent surface shear viscosity, noted η ef f s , with the local interfacial shear rate, noted D s , in the absence of dilatational deformation (tr D s = 0). In this paper, our choice for the constitutive law of the surface shear viscosity is inspired by the Carreau model currently considered in bulk (3D) rheology, and successfully adapted to the case of a fluid interface in a companion paper [START_REF] Patouillet | Mannheimer and schechter model revisited: Viscosimetry of a (non-) newtonian and curved interface[END_REF]:

η ef f s = η 0 s 1 + λD s 2 (n-1)/2 . ( 4 
)
This law, extensively used for its simplicity, allows the description of an interface exhibiting a constant (Newtonian) viscosity at low shear rates, η 0 s , and a power-law behaviour for higher shear rates. The transition between these two evolutions is characterised by the relaxation time, λ. The latter also can be seen as the inverse of a characteristic shear rate, 1/λ = D c s , from which a non-Newtonian behaviour arises. The power-law index, n, is used to describe a shear-thinning interface (n < 1), or a shear-thickening interface (n > 1). Note that a Newtonian behaviour is recovered when n = 1.

Modeling of surface shearing

Taking into consideration the annular geometry of the surface viscometer, several assumptions are necessarily made to describe the behavior of the contaminated interface. First, the annular flow subjected to a vertical uniform magnetic field, B = B 0 ez, is supposed to be axisymmetric (∂./∂θ = 0), permanent (∂./∂t = 0), and laminar. The molten aluminum alloy considered here is Newtonian, incompressible, and electroconductive with a dynamic viscosity η, a density ρ, and an electrical conductivity σ (see Table 3 for indicative values).

It is put in motion from the viscous shear delivered at the bottom of the cavity by an annular ring rotating at the angular velocity, Ω. The Reynolds number,

Re = ρΩr 2 o η , (5) 
which represents the ratio between inertia and viscous force, is considered low enough compared to the Hartmann number,

Ha = B 0 r o σ η , (6) 
which describes the competition between the Lorentz force and the viscous force, so that the centrifugally-induced overturning flow can be neglected [START_REF] Delacroix | On the role of surface rheology in a magnetohydrodynamic swirling flow[END_REF]. In other words, the Stuart number (N = Ha 2 /Re), which represents the competition between inertia and the Lorentz force, is assumed much larger than unity. As a consequence, the radial and the vertical components of the velocity fields are vanishingly small, which implies that the velocity and the magnetic induction Besides, compared to the gravitational effect, the centrifugal force is not supposed strong enough to modify the shape of the interface. In other words, the Froude number (Fr = (r o Ω) 2 /gh 0 ), which describes the competition between inertia and gravity, remains much smaller than unity. However, in contrast to many cases available in the literature, the hypothesis of a planar interface is not considered here, due to the high surface tension and the non-wetting tendency of aluminum alloys [START_REF] Anson | The surface tension of molten aluminum and al-si-mg alloy under vacuum and hydrogen atmospheres[END_REF][START_REF] Laurent | Wettability of sic by aluminium and al-si alloys[END_REF]. Thus, the shape of the gas-metal interface results from the normal component of the JMB (see Eq. 2), which corresponds to a balance between surface tension and hydrostatic pressure. We consequently obtain the Young-Laplace equation:

γH = ρgh, (7) 
where γ is the surface tension (indicative value for a pure aluminum interface at 700

• C: γ = 1050 N.m -1 [45]
), h is the axisymmetric elevation of the liquid surface with respect to the reference height h 0 , and H represents the mean curvature of the 2-D (curved) interface, as embedded in 3-D space. In cylindrical coordinates, the mean curvature writes as follows,

H = 1 (1 + h 2 ) 3/2 h + h r + h 3 r , (8) 
where h and h stand respectively for the first and second radial derivatives of the elevation h(r) with respect to the radial coordinate (see e.g. Fig. 1 for the coordinate system considered).

Concerning surface hydrodynamics, the velocity field is considered purely azimuthal, v s = v sθ e θ , due to the absence of meridional flow. Thus, the tangential component of the JMB is reduced to a no-slip condition along the curved interface, so that: v sr = v sz = 0, and surface flow is only described by the azimuthal component of the JMB [START_REF] Patouillet | Mannheimer and schechter model revisited: Viscosimetry of a (non-) newtonian and curved interface[END_REF]:

η ef f s ∂ ∂r 1 r ∂ (r v sθ ) ∂r s s
Surface viscous shear

+ ∂η ef f s ∂r s r ∂ ∂r v sθ r s Surface non-uniformity + η ef f s v sθ r 2h h (1 + h 2 ) 2 Surface curvature = η r ∂ ∂z v θ r s Tangential bulk shear . (9) 
Here, the tangential and normal derivatives at the interface are defined as a function of the radial and vertical coordinates as follows:

∂. ∂r s = 1 √ 1 + h 2 ∂. ∂r + h ∂. ∂z , (10) 
∂. ∂z s = 1 √ 1 + h 2 ∂. ∂z -h ∂. ∂r . (11) 
The left side of Eq. 9 is composed of the classical term corresponding to surface viscous shear, complemented by two terms generally disregarded in the literature. Indeed, the first one is related to a possible non-Newtonian behaviour of the interface which can lead to a radial dependence of the effective surface shear viscosity η ef f s , while the second additional term is related to surface curvature which implies the elevation of the interface h. From the interface point of view, 160 the right hand side corresponds to a source term due to the vertical shear from underlying sub-phase.

Finally, Eq. 9 can be normalized by considering the following bulk and surface dimensionless quantities, denoted by an asterisk superscript: the radial coordinate: r * = r/r o (except in the figure where r * = (rr i ) / (r or i )); the vertical coordinate: z * = z/h 0 , where h 0 is the mean depth of the annular channel; the azimuthal bulk velocity: v * θ = v θ /(r o Ω); and the azimuthal surface velocity: v * sθ = v sθ /(r o Ω). This allows the Boussinesq number to be introduced:

Bo = η 0 s h 0 ηr 2 o . ( 12 
)
The latter describes the competition between bulk and surface shear stresses.

Thus, the Carreau constitutive law can also be normalised, leading to the introduction of an effective Boussinesq number corrected by a non-Newtonian behaviour,

Bo ef f = Bo 1 + (λ * D * s ) 2 (n-1)/2 , ( 13 
)
where λ * = λΩ, and D * s = D s /Ω.

Instrumentation and technical developments

The present experimental set-up is inspired from the device developed by

Delacroix & Davoust to study Galinstan, a liquid metal at room temperature that is recognised to be sensitive to oxidation process [START_REF] Delacroix | Low rm magnetohydrodynamics as a means of measuring the surface shear viscosity of a liquid metal: A 29 first attempt on galinstan[END_REF]. Here, the challenge was to develop a surface viscometer experiment capable of 1) withstanding the high temperature of molten aluminum and 2) taking into account the chemical and geometrical requirements imposed by the oxidation reaction and the electromagnet gap. Fig. 3 shows an overview of the layout where several working areas can be distinguished : the annular viscometer (1), the airtight chemical reactor (2) connected to the gas circuit (3), the electromagnet (4), the optical test-bench (5) and a whole set of measurement and control instruments (6).

The annular viscometer

The first working area consists of the annular viscometer itself, as displayed in the CAD view of The temperature of the annular viscometer is regulated via PIDs that supply cartridge heaters distributed throughout the static parts (maximum heating power: 4750 watts). The viscometer is divided into three independent heating areas in order to maintain a constant and homogeneous temperature throughout the device. Finally, the whole viscometer, equipped with a series of type K thermocouples, is thermally insulated from successive layers of graphite foam, except around the imaging window.

Angular velocity monitoring

A step by step piezomotor designed by Faulhaber is used to rotate the dish containing the molten aluminum bath. Driven by a PMD301 controller, this actuator is very accurate at low velocities, with an angular resolution as small as 0.2 µrad, while it can reach a maximum angular speed of 16 tr.min -1 , which represents a Reynolds number as large as Re = 2 × 10 4 . This kind of actuator has the merit of being very compact, and compatible with both the externally applied magnetic field and the initially imposed primary vacuum. However, it must not exceed the operating temperature of 75 • C. For this purpose, it is directly inserted into the lower flange of the chemical reactor, which is cooled by a water circulation. A Macor R shaft makes the connection between the actuator and the rotating floor, and an in-house ball bearing system is inserted to limit as much as possible the frictional torque.

The chemical reactor

Since aluminum alloys are very sensitive to oxidation reaction, the experiments are carried out under a controlled atmosphere. The annular viscometer is therefore placed in an chamber that is completely isolated from ambient air, and connected to a gas circuit supplemented by a set of measuring and control instruments. The chemical reactor (Fig. 5) made of stainless steel consists of two top and bottom flat flanges firmly attached to a vertical annular wall. A large porthole made of 15 mm thick quartz is integrated in the front side, in order to observe the interface dynamics reflected by the mirror. The cylindrical wall also has a large number of sealed electrical connections to supply power to the cartridge heaters, to measure temperature and to control the actuator. The reactor is finally equipped with a manometer and a vacuum pressure gauge to measure precisely the working pressure. Moreover, the chemical reactor is connected to a gas circuit composed of two different gas lines and a set of instruments in order to supply and monitor the working atmosphere. The first gas line is linked to a bottle of hydrogenated argon which provides an atmosphere as free of oxygen as possible. Before penetrating inside the enclosure, the gas passes through a O 2 scavenger to further reduce the oxygen content. This technology consists of a partially reduced zirconia pellet, stabilised with yttrium. When heated at 800 • C in a tubular oven, the pellet has a strong affinity with oxygen, so that most of the O 2 molecules present in the gas flowing downstream along the scavenger are trapped. The O 2 content drops to less than 10 -6 ppm in the chemical reactor, which makes it possible to study the properties of a residual oxide layer. This allows us to reproduce the conditions of the surface flow of molten metal that typically occurs in casting processes, where the oxide film is formed in the early stages. The second line is supplied with oxygenated argon and equipped with a flowmeter to provide a controlled contamination of the atmosphere. The objective is therefore to study higher levels of contamination by introducing a known quantity of oxygen which corresponds to a given state of oxidation. This last case corresponds to the conditions of an oxide layer formed over a longer time scale, typically a few minutes, likely to be observed in a holding furnace or a spill ladle.

The electromagnet

The chemical reactor with the viscometer inside is finally placed in the air gap of an electromagnet, has shown in Fig. 3. The system is powered by a highintensity DC electric current and allows for delivering a strong DC magnetic field as large as B 0max = 0.45 T all over the space occupied by the annular channel.

The particular design of the device makes it possible to generate a vertical and axisymmetrical field between two magnetic poles which form a significant air gap of about 43 cm in height and 37 cm in diameter.

The optical bench

The oxidized interface is imaged by means of a high-resolution camera (PCO 1600 Imager Pro) equipped with a modular Optem system (TV tube, zoom 70XL, auxiliary lens 0.75X) whose field of view and magnification fit imaging needs. This optical system is fixed to a 2-D translation table, allowing for an accurate setting of the focal plane. Illumination of the observation area is provided by a light source consisting of a LED ring positioned on a hollow support through which the optical zoom can pass. A polariser is used to adjust the imaging of the oxide patches. Indeed, these patches serve as natural surface tracers for data processing based on particle tracking velocimetry. An Edgepass filter is also added to remove the infrared light emitted by graphite at 750 • C, thus improving image quality.

Materials and methods

Materials and sample preparation

In this paper, we propose to focus on the A356 Aluminum alloy, which is widely used in modern foundries to manufacture lightweight parts with high mechanical properties, such as aircraft pumps, automotive parts, aircraft fittings and control parts...etc. The precise chemical composition of the A356 alloy, available in Table 2, has been identified by Inductively Coupled Plasma Mass Spectroscopy (ICP-MS). It is essentially composed of aluminum, for its lightness, of silicon, in order to insure a good castability, and of magnesium, in order to improve its mechanical features after heat treatment [START_REF] Apelian | Aluminum cast alloys: enabling tools for improved performance[END_REF]. Thermal conductivity (at 750

• C) 80 95 W.m -1 .K -1
Surface tension (at 700

• C) 848 1122 mN.m -1
The instructions for the preparation of the sample made of A356 alloy are now described. First, a slice of metal is cut from a primary aluminum alloy ingot, and then melted under inert atmosphere using an inductive cold crucible placed inside an airtight enclosure (see [START_REF] Dumont | Recent progresses in optimizing inductive cold crucible processes[END_REF] for more details). The ambient atmosphere is composed of ultra pure argon, which is introduced after a primary vacuum. The objective is obviously to limit oxide formation as much as possible in order to avoid any contamination of the sample or any change in its chemical composition. A mechanism located at the bottom of the cold crucible releases the molten alloy, which flows downwards under gravity into a copper mould which leads after solidification to a unit disc of 60 mm in diameter and 13 mm in height (equivalent mass: 100 g). It is cleaned with acetone and finally immersed in an ultrasonic tank for about 5 minutes. Once the sample is completely melted in the annular channel, a liquid aluminum bath of about 3.2 mm in height is obtained, considering the density at 750 • C. It is then possible to adjust the height of the molten metal bath by placing as many samples as necessary in the melting chamber.

Methods

Working atmosphere preparation

After positioning the metal sample(s) in the melting chamber, the chemical reactor is sealed and the working atmosphere is prepared for the experimental campaign. The first step consists in removing as much as possible the oxygen content initially present in the reactor and the gas lines. To this end, vacuum/argon sweeping cycles are produced from a pump located downstream.

When primary vacuum is achieved throughout the whole gas circuit, such as 

Melting of the aluminum alloy sample

Once the working atmosphere is properly set up, the temperature rise of the annular viscometer can be initiated in order to melt the aluminum alloy sample. As soon as the melting temperature is reached, the sample positioned in the melting chamber flows by gravity into the annular channel, and surface tracking of oxide patches can start.

Surface dynamics and oxydation level

To help identify the surface properties, different operating points are investigated following the requirements set out in 3. 2D axisymmetric laminar flow. To discuss this, it is necessary to go back to the definition of the Reynolds number, as given from Eq. 5. This expression, which is commonly used to describe an annular flow, clearly overestimates the Reynolds number because the latter is only based on the outer radius of the channel. In fact, even a value as large as Re = 10 4 remains consistent with the assumption of a laminar flow [START_REF] Hirsa | Measurement and computation of hydrodynamic coupling at an air/water interface with an insoluble monolayer[END_REF]. It is also worthy to recall that Joule effect due to the imposition of the magnetic field generates the extinction of any residual meridian flow due to centrifugation.

As the present measurement campaign focuses on the study of the oxidized interface under shearing, a large enough Stuart number (N 1) is privileged in order to avoid the appearance of the (secondary) meridian flow, and therefore to prevent the experiments from any contribution of the surface dilatationnal viscosity. This precaution makes it possible to preferentially identify the surface shear viscosity through the purely azimuthal surface velocity field.

The recording of surface dynamics is post processed using ImageJ software in order to determine the azimuthal component of the surface velocity field, v sθ .

Oxides are tracked over a sequence of images, as shown in Fig. 6, and their coordinates are collected between two images separated each other by a given time step. The data are then converted into a velocity field through a grid calibration. The interface shape is determined at the end of the measurement campaign, after the solidification of the aluminum bath is completed. Cross-sections are carefully cut and the radial evolution of the thickness is measured by means of ImageJ software. It is important to recall here that the annular flow is not expected to change the surface curvature, even for an apparently high Reynolds number, as explained in Section 3.3. Nevertheless, the change in density, as induced by solidification and which leads to a slight contraction of the material (assumed isotropic), must be taken into account. The contact angle is directly measured from snapshots of the cross section while the surface tension is iden-tified by comparison with a numerical solution of the non linear Laplace-Young equation (see Appendix). The latter is iteratively solved by using the finite element method. The equation is implemented through its weak formulation according to a 1-D axisymmetric model [START_REF] Patouillet | Mannheimer and schechter model revisited: Viscosimetry of a (non-) newtonian and curved interface[END_REF]. The mean absolute error is then calculated between the numerical solution and the experimental curvature, and finally minimized by adjusting the value of the surface tension.

Once the measurement campaign has been performed, a portion of the sample surface is collected. A high-resolution scanning electron microscope equipped with a focused ion beam probe (SEM-FIB) is used to observe the surface of the oxidized samples as well as the thickness of the oxide layer. This device makes it possible to machine the sample at nanoscale, and thus to obtain a perfectly smooth surface in the direction of the ion beam. As a result, the micrograph (BSE) reveals the thickness of the oxide layer with much greater sharpness and accuracy than in the case of a mechanically polished sample, especially when the oxide layer is very thin as it is expected here. Secondary Electron (SE) imaging is used to observe the topography of the oxidized surface, while BackScattered Electron (BSE) imaging is preferred to distinguish the different phases within the sample, and finally to assess the thickness of the oxide layer. The latter is precisely measured by using ImageJ software in order to correlate the oxidation level to the rheological properties as measured by surface viscosimetry and by the resolution of the Young-Laplace equation. to biological films, no significant elevation of the interface was observed during our experiments. Thus, the annular flow does not modify the interface shape, which can therefore be measured in static regime.

Results and Interpretations

Meniscus shape

Before going further, the meniscus shape is determined, and then introduced into the 2-D numerical model in order to identify the dynamical behavior of the layer as accurately as possible. As detailed before, the radial elevation of the meniscus is evaluated from photos of the cross sections of the annular samples (see Fig. According to these experimental results, the thermodynamic surface tension of the A356 alloy drops as soon as a residual oxide layer is formed. This is consistent with the experiments conducted by Goumiri and Joud [START_REF] Goumiri | Auger electron spectroscopy study of aluminium-tin liquid system[END_REF] on pure aluminum, for which a sudden decrease of γ is observed after the formation of a single layer of oxide. Nevertheless, the surface tension obtained here stands as rather low compared to the values measured in the literature for the A356 alloy.

The latter typically range between 390 mN.m -1 (under dry air at 680 • C) [START_REF] Bainbridge | The surface tension of pure aluminum and aluminum alloys[END_REF],

and 889 mN.m -1 (under vacuum at 630 • C) [START_REF] Anson | The surface tension of molten aluminum and al-si-mg alloy under vacuum and hydrogen atmospheres[END_REF]. This low value may be due to a deformation of the metal-air interface during solidification of the annular sample, which is not truly isotropic as supposed however. Indeed, if the alloy contracts mainly along the vertical direction, due to the increase in the density that occurs during solidification, the capillary length can be underestimated.

However, it can be demonstrated here that the curvature has no significant effect on the surface flow because i) use is made of a strong magnetic field and ii) the interface is highly viscous. The shape of the interface here measured after solidification is therefore sufficient in our case to correct the 2D numerical model and therefore to ensure a suitable accuracy.

Mechanical behavior

As shown in Fig. 9, the mechanical behaviour of the oxide layer is identified by fitting experimental data with the surface velocity, as numerically calculated (see Appendix for details on numerical implementation). By first considering the classical model of a Newtonian interface (n = 1), a value of the Boussinesq number as high as Bo = 1500 permits to explain both the low intensity of the surface flow and the evolution of the velocity field with the Hartmann number. This value corresponds to a surface shear viscosity of η s = 1.12 kg.s -1 , which is found here much higher than the one measured by Delacroix et al. for partially oxidized Galinstan [START_REF] Delacroix | Low rm magnetohydrodynamics as a means of measuring the surface shear viscosity of a liquid metal: A 29 first attempt on galinstan[END_REF]. As a result, the residual oxide layer formed on the surface of melted A356 aluminum alloy is found extremely viscous with a considerable impact upon the supporting flow.

However, a Newtonian interface involves a parabolic velocity profile which does not agree with our experimental results. The perfectly linear velocity profile (without any surface shear) at the center of the annular channel, and the surface shear rate necessarily focused close to the fixed side-walls, rather indicate a non-Newtonian behavior. Indeed, this unusual surface velocity profile corresponds to the case of a highly viscous interface, with Bo 1, corrected by a strongly shear-thinning behavior, with n 1. By considering a classical Carreau's law for the surface shear viscosity, it is then possible to recover a full agreement with our experimental data, in terms of magnitude and profile shape, as shown in Fig. 9a. This makes possible the identification of a shear-thinning surface viscosity as shown in Fig. 9b.

Oxidation state

The surface of the annular sample is finally observed using a scanning electron microscope equipped with a focused ion probe (SEM-FIG). The aim is obviously to evaluate the level of oxidation corresponding to the mechanical behaviour previously identified.

A micrograph of the oxidized surface is first presented in Fig. 10a. The formation of small and uniformly dispersed oxide particles can be seen on the surface which consist of pyramid-shaped geometric structures about 1 µm sized.

In addition, Fig. 10b shows the micrograph of a cross-section of the oxidized surface, as machined by using the ion beam. About ten measurements reveal the formation of a uniform oxide layer with a thickness ranging between 60 and 190 nm. Considering our own thermogravimetric analyses (not shown here), as well as those of Miresmaeli [START_REF] Miresmaeili | Effect of strontium on the oxidation behavior of liquid al-7si alloys[END_REF] and Kim et al. [START_REF] Kim | Oxidation of an aluminum-0.4 wt% magnesium alloy[END_REF], such an oxide layer corresponds to an exposure time of a few tens of seconds at a temperature of 750 • C in ambient air.

Concluding remarks

For the first time to our knowledge, the mechanical behavior of a residual oxide film that forms on the surface of molten aluminum alloys over a very short timescale, is fully identified and characterised. To this end, a new experimental device is developed which involves an annular open-channel surface viscometer.

The latter is positioned within a chemical reactor pervaded by a uniform static magnetic field (B ∼ 0.5T).

The use of a chemical reactor to monitor the surrounding atmosphere makes it possible to maintain a very low oxidation level throughout viscosimetry experiments. This is confirmed by SEM-FIB observations which reveal the formation of an oxide layer about 100 nm thick after an exposure time of a few tens of seconds. In addition, the surface viscosimeter is pervaded by a uniform magnetic field which makes the end driven rotating flow perfectly 2-D axisymmetric i.e.

free of centrifugal effects. The magnetic field also allows us to set remotely the intensity of the shear stress applied upon the oxidised surface. These features are decisive to reveal the highly viscous nature and the shear-thinning behaviour For the surface flow, the azimuthal velocity component is directly implemented as a boundary condition along the liquid/gas interface in the 2-D axisymmetric model for the MHD flow. As above, the weak formulation is obtained by multiplying Eq. 9 by the test function, ω v sθ , followed by an ntegration by parts on the second term of Eq. 9, which allows to simplify the formulation, by eliminating the tangential derivative of the surface viscosity profile: 

) 15 
The computational domain consists of triangular elements with a refinement at the free surface. When the interface is Newtonian, a direct (linear) steady state solver is sufficient to solve the mathematical problem (MUltifrontal Massively Parallel sparse direct Solver, use of lower-upper (LU) factorization). To allow for a non-Newtonian behaviour of the interface, an iterative method is required, based on the viscosity, η ef f s , corrected at the i th -iteration from the shear rate calculated at the previous (i -1) th -iteration (Eq. 3.2).
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Figure 1 :

 1 Figure 1: Cross section of the annular surface viscosimeter under consideration and cylindrical coordinates system.

Figure 2 :

 2 Figure 2: Micrograph of a residual oxide layer formed at 750 • C on the surface of aluminum alloy A356, realized with a scanning electron microscope equipped with a focused ion beam probe.
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  are purely azimuthal, such as v = v θ (r, z)e θ and b = b θ (r, z)e θ , where r, θ and z correspond, respectively, to the radial, azimuthal and vertical coordinates. As usual in MHD of liquid metals, the quasi-static and the low-Rm approximations are made. The classical weakly coupled MHD model, based on a (v θ , b θ ) formulation of the Maxwell and the Navier-Stokes equations, is then used as detailed 150 in [21].

Fig. 4 .Figure 3 :Figure 4 :

 434 Figure 3: Overview of the experimental test-bench composed of 6 distinct working areas.

Figure 5 :

 5 Figure 5: Photograph of the chemical reactor placed in the electromagnet gap.

p < 10 - 2

 102 mbar, the pump is isolated and the argon line is open to flush out the residual O 2 molecules. This procedure is repeated until the oxygen rate measured by means of the oximeter becomes less than 10 ppm. Next, several cycles are carried out with argon purified under O 2 scavenger and heated to 800 • C within a tubular furnace. This step allows to drop the partial pressure of oxygen inside the reactor below 1 ppm. Finally, since the objective of this study is to evaluate the mechanical behaviour of a residual oxide layer, the last step consists in injecting hydrogenated argon into the chemical reactor. Then, the oxygen rate falls far below 1 ppm, which ensures the lowest possible level of contamination during surface viscometry experiments.

3 .

 3 Since the dynamics of the annular flow depends i) on the Reynolds number via the angular speed of the rotating floor, and ii) on the Hartmann number via the intensity of the outer magnetic field, each operating point corresponds to a specific couple (Re, Ha). A wide number of configurations is made possible by considering the following ranges of values, Re ∈ [200, 20000] and Ha ∈ [0, 2000]. Concerning the maximum value of the Reynolds number considered in this study, which appears to be very high, we might question the validity of the assumption based on a

Figure 6 :

 6 Figure 6: Example of trajectories as calculated with ImageJ software.

6. 1 .Figure 7 :

 17 Figure 7: (a) Azimuthal component and (b) tangential component of the surface velocity as experimentally obtained with the following magnetic fields, B = 0.20 T (Ha = 900) and B = 0.45 T (Ha = 2000), together with an angular velocity of Ω = 1, 57 rad.s -1 (Re = 2×10 4 ).

Fig. 7

 7 Fig.7presents the surface velocity profiles as experimentally measured, with the azimuthal and the tangential components. The first comment that can be made concerns the extremely low values of the surface velocity compared to the rotating floor, with a maximum velocity as small as 100 µm/s, for Ha = 900, and 300 µm/s, for Ha = 2000. Then, it is possible to observe the beneficial impact of the magnetic field on the interfacial dynamics, through the increase of the surface velocity due to MHD 2-D tendency. Thus, the magnetic field not only simplifies the dynamics of the annular flow by quenching the meridian flow, but it also makes possible to shear the interface so as to reveal its mechanical behavior. In such experimental conditions, the Stuart number is respectively equal to N = 40 and N = 200, which confirms the absence of any meridian flow. As it can be seen in Fig.7b, the tangential (radial) component of the surface velocity field remains, as expected, under the detection threshold. As a consequence, and similarly to the experiments by Hirsa et al.[START_REF] Hirsa | Measurement and computation of hydrodynamic coupling at an air/water interface with an insoluble monolayer[END_REF] devoted

Figure 8 :

 8 Figure 8: (a) Experimental shape of the meniscus, as compared to the numerical solution of the Laplace-Young equation, with the following mean depth: h 0 = 9.64 mm, and (b) photography of a cross-section of the annular sample.

Figure 9 := η 0 s 1 +

 91 Figure 9: (a) Azimuthal component of the experimental surface velocity profiles (symbols) as compared to numerical simulations for a Newtonian interface (n = 1) and a non-Newtonian interface (n = 0.1). (b) Effective surface shear viscosity given by: η ef f s = η 0 s 1 + (λDs) 2 (n-1)/2 , with η 0 s = 50 N.s.m -1 , λ = 9505 s for Ha = 900, and λ = 4540 s for Ha = 900.

Figure 10 :

 10 Figure 10: (a) SEM-FIB micrographs of the oxidized surface after viscosimetry experiments and (b) corresponding cross-section of the oxide layer.
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Table 1 :

 1 Values of the Gibbs free energy of the oxidation reaction of some metals, at atmospheric pressure and reference temperature (298 K).

	Oxidation reaction	∆ r G 0 [kJ.mol -1 ]
	2 Cu + O 2 (g) 2 Ni + O 2 (g) 2 Fe + O 2 (g) 4/3 Cr + O 2 (g) Si + O 2 (g) Ti + O 2 (g) 4/3 Al + O 2 (g) 2 Mg + O 2 (g)	-→ 2 CuO -→ 2 NiO -→ 2 FeO -→ 2/3 Cr 2 O 3 -→ SiO 2 -→ TiO 2 -→ 2/3 Al 2 O 3 -→ 2 MgO	-259.4 -443.4 -491.0 -705.4 -855.9 -884.5 -1054.9 -1138.8

Table 2 :

 2 Chemical composition of the A356 aluminum alloy ingot used, as measured by inductively coupled plasma mass spectroscopy.

	Chemical element:	Al	Si	Mg	Ti	Fe	Others
	Mass content [%]: 92.42 6.987 0.3482 0.1163 0.1052 0.0233

A great deal of research has been done on this alloy in order to precisely determine its physico-chemical properties, which are listed in Table

3

and compared with those of pure aluminum.

Table 3 :

 3 Properties of A356 aluminum alloy[START_REF] Bakhtiyarov | Electrical and thermal conductivity of a319 and a356 aluminum alloys[END_REF][START_REF] Wang | Oscillating cup viscosity measurements of aluminum alloys: A201, a319 and a356[END_REF][START_REF] Overfelt | Thermophysical properties of a201, a319, and a356 aluminium casting alloys[END_REF][START_REF] Brandt | Electrical resistivity and thermal conductivity of pure aluminum and aluminum alloys up to and above the melting temperature[END_REF], compared to those of pure aluminum[START_REF] Sverdlin | Properties of pure aluminum[END_REF][START_REF] Dinsdale | The viscosity of aluminium and its alloys-a review of data and models[END_REF][START_REF] Brandt | Electrical resistivity and thermal conductivity of pure aluminum and aluminum alloys up to and above the melting temperature[END_REF].

	Physical properties	A356	Al (99.99%)	Units
	Solidification temperature	548	660.2	• C
	Melting temperature	613	660.2	• C
	Density (at 750 • C)	2445	2345	kg.m -3
	Viscosit dynamique (at 750 • C)	0.931	1.17	mPa.s
	Electrical conductivity (at 750 • C) 3.55 × 10 6	3.92 × 10 6	S.m -1

of an ultra thin to thin oxide layer lying over a bath of melted aluminum alloy under shear.

Because ultra-thin to thin oxide films unavoidably arise in realistic conditions, neither of the two classical boundary conditions, free slip or no-slip, is appropriate to the right description of molten metal flows. This paper aims at demonstrating how the introduction of a non-Newtonian surface viscosity makes it possible to write a boundary condition more suitable for the flows of molten light alloys exposed to an atmosphere containing oxygen.

The present paper can be hoped to pave the way towards a better description of melted metal flows, especially in the field of casting filling processes.

Appendix : Numerical implementation

The bulk MHD equations are implemented according to a weak formulation (see e.g. [START_REF] Delacroix | On the role of surface rheology in a magnetohydrodynamic swirling flow[END_REF] for details), whereas the interface shape and the jump momentum balance at the interface (JMB) deserve dedicated weak formulations [START_REF] Patouillet | Mannheimer and schechter model revisited: Viscosimetry of a (non-) newtonian and curved interface[END_REF]. The vertical component of the JMB reduces to the Laplace-Young equation implemented as a 1-D axisymmetric model in addition to the Navier-Stokes equations.

Indeed and as previously stated, the annular flow is not strong enough to modify the interface shape. The associated weak formulation is then obtained by multiplying Eq. 7 by the test function ω h . Applying integration by parts along the radial direction and considering the term, α = 1 + dh dr

, as a relaxation parameter, the following weak formulation can be solved:

The computational domain extends itself along the gap, r o -r i , discretized into a