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The metal-matrix-nano-composites (MMNCs) in this study consist of a 6061 alloy matrix reinforced with 1.0 wt.% SiC 50 nm diameter nanoparticles that are dispersed within the molten alloy matrix using ultrasonic cavitation and induction melting technologies. The required ultrasonic parameters to achieve the required cavitation for adequate degassing and refining of the aluminium alloy as well as the fluid flow characteristics for uniform dispersion of the nanoparticles into the 6061 matrix are being investigated in this study by using an inhouse developed magneto-hydro-dynamics model. The magneto-hydro-dynamics model accounts for turbulent fluid flow, heat transfer and solidification, electromagnetic field as well as the complex interactions between the solidifying alloy and nanoparticles by using ANSYS Maxwell and ANSYS Fluent Dense Discrete Phase Model (DDPM) and a particle engulfment and pushing (PEP) model. The PEP model accounts for the Brownian motion. Scanning electron microscope (SEM) analysis was performed on the as-cast MMNC coupons processed via ultrasonic cavitation dispersion technique (UCDS) and confirmed the distribution of the nanoparticles predicted by current model.

Introduction

Recently, to overcome the counterpart that the ductility of the aluminium-based metal matrix composites (MMCs) deteriorates with high ceramic particle concentration [1][2][3][4][5], more attention has been drawn to metal matrix nanocomposites (MMNCs), since the properties of metallic alloys reinforced by ceramic nanoparticles (with dimensions less than 100 nm) would be enhanced considerably while the ductility of the matrix is retained [6][7][8][9][10][11][START_REF] Ferguson | Light Metals TMS[END_REF]. Currently, several fabrication technologies including high-energy ball milling [9,[START_REF] Ferguson | Light Metals TMS[END_REF], in-situ synthesis [8], electroplating [START_REF] Sautter | [END_REF], and ultrasonic technology (UST) [5,6] are most commonly used, among which UST is supposed to be more reliable and cost effective.

During the induction heating process, the dominant electromagnetic field will generate heat (affecting the temperature field) and momentum (controlling the fluid flow field). Meanwhile, all these three fields may strongly influence one another, which may significantly complicate the problem [START_REF] Mach | International Scientific Colloquium[END_REF]. An improved understanding of the heat and electromagnetically driven flow mostly requires mathematical modeling, as experimental studies, especially for high temperature materials processing, may be restricted because of the physical and chemical properties of the melts [START_REF] Schwarze | [END_REF].

During the solidification process, the particles will either be pushed or engulfed by the solidification front. Traditional PEP models [16][17][18][19][20] cannot explain the evidence in MMNCs that nanoparticles can indeed be engulfed and distributed throughout the material. As proposed by Ferguson [START_REF] Ferguson | Light Metals TMS[END_REF], for sufficiently small particles, "Brownian Motion" can partially or completely counteract forces such as viscous drag, gravity and thermal/concentration gradients, thus leading to engulfment rather than pushing.

In this study, ANSYS Fluent Dense Discrete Phase Model (DDPM) [START_REF]Fluent 6.3: User's Guide Manual Fluent Inc. and Ansys's Fluent[END_REF] was adapted. The DDPM accounts for turbulent fluid flow, heat transfer, electromagnetic forces, and complex interactions between the molten alloy and nanoparticles during the melting and unidirectional solidification processes. Based on the theory proposed by Ferguson, all of the nanoparticles are assumed to be engulfed by the solidification front and no entrapment will occur. The dispersion of SiC nanoparticles with and without induction stirring has been investigated in detail.

Model Description

The geometries of the electromagnetic field and CFD model are shown in Due to harmonic nature of EM field and induced eddy currents, the Lorentz force F Lor can be decomposed into a steady and harmonic part that oscillates with double frequency. Because of much greater inertia times of melt in comparison to alternate EM field timescale, only the steady part of the Lorentz force is taken into account [START_REF] Spitans | [END_REF].

Assuming the fluid flow does not affect the electromagnetic field, the Lorentz force can be obtained according to Ampere's law, Faraday's law, and magnetic flux continuity law [START_REF] Pal | COMSOL Users Conference[END_REF].

The fluid flow model, solidification model, particle tracking model, and solution procedure are presented in detail in [START_REF] Zhang | [END_REF][START_REF] Zang | Presented at Modeling of Casting, Welding, and Advanced Solidification Processes (MCWASP XIV)[END_REF].

Simulation Results and Discussion

Fig. 2 shows the fluid flow and particle distributions after 1.0s, 3.0s, 10s and 30s, respectively, when the induction stirring is ignored [START_REF] Zang | Presented at Modeling of Casting, Welding, and Advanced Solidification Processes (MCWASP XIV)[END_REF]. It can be seen that the flow is much stronger at the center of the furnace. It demonstrates that the particles have little effect on the fluid flow because of the one-way coupling, and the gravity direction is the same as the direction of the stronger flow in the center, so it will help to develop the fluid flow. Therefore the fluid flow after 3.0s is almost the same as that after 1.0s because both of them are fully developed (see Figs. 2(a) and 2(b)). The fluid flow is damped in the mushy zone, where the particles will move relatively slow and stop moving in the solid (see Figs. 2(c) and 2(d)). At 3.0s, the particles have been dispersed pretty well from the bottom to the top, but a little more particles tend to stay near the wall, and fewer nanoparticles at the center where the flow is stronger, which indicates the nanoparticles couldn't disperse well in strong flows (see Fig. 2(f)). Additionally, the particle distribution stays almost the same henceforth which means the distribution becomes stable. Then, the solidification process starts at 3.0s, and in order to model the unidirectional solidification process, all the walls except the bottom one are treated as adiabatic. After 10s, we can see that there are some agglomerations in the solid (see Fig. 2(g)) because the nanoparticles approaching the solid/liquid interface will be engulfed based on the assumption that the Brownian motion will dominate during the particle engulfment/pushing process. When the induction stirring is taken into consideration, the fluid flow and particle distributions after 1.0s, 3.0s, 10s, and 30s are shown in Fig. 3, respectively. Compared to Fig. 2, the fluid flow pattern is basically the same, because the induced flow by induction stirring is relatively weak compared to that induced by ultrasonic stirring. But there are still some differences especially at the center of the furnace that the flow at the bottom becomes weaker than that at the top because of the induction stirring. It can also be seen that there are considerable number of particles in the center of the furnace, which indicates that the particle distribution becomes even better than before. It can be explained that induction stirring modifies the fluid flow, making it more uniform. When solidification starts, the fluid flow is damped in the mushy zone as well, and particles approaching the solidification front are captured. As it can be seen in Fig. 3(h) that, after 30s, the nanoparticles are dispersed quite well throughout the metal matrix, which is also validated by SEM analysis [START_REF] Liu | [END_REF]27].

Concluding Remarks

A magneto-hydro-dynamics model was developed in ANSYS Maxwell and ANSYS Fluent. The DDPM model coupled with the -turbulence model was used to investigate the distribution of SiC nanoparticles into a 6061 matrix under ultrasonic and induction stirring and molten metal and unidirectional solidification processing conditions. It was determined that a strong flow can disperse the nanoparticles relatively well. Also, it was demonstrated that induction stirring can help improve the fluid flow characteristics, making the nanoparticle distribution even more uniform.
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 11 Fig. 1: Geometry model.The ultrasonic probe has a diameter of 40 mm. The liquid aluminium alloy is 6061. It has a density of 2685 kg/m 3 . The SiC nanoparticles with an average particle size of 55 nm and density of 3216 kg/m 3 are treated as inert-particles. The mass flow rate of the SiC nanoparticles is 0.014 kg/s. Thus, 1.0 wt. % of SiC nanoparticles can be injected at about 15 mm beneath the ultrasonic probe for 1 sec. The multiphase CFD model accounts for turbulent fluid flow, heat transfer, and the complex interaction between the molten alloy and nanoparticles by using the ANSYS Fluent DDPM and -turbulence model[START_REF]Fluent 6.3: User's Guide Manual Fluent Inc. and Ansys's Fluent[END_REF]. The CFD model is described in detail below.
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 23 Fig. 2: Fluid Flow and particle distributions (without induction stirring): (a) and (e) after 1.0s; (b) and (f) after 3.0s; (c) and (g) after 10s; and (d) and (h) after 30s.