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Magnetically induced acoustic cavitation for production of metal matrix nano-composites
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A steady axial magnetic field is applied to a liquid metal zone heated by induction currents. This zone is supported from the top and the bottom by water cooled rods in an evacuated cell. The resulting alternating Lorentz force causes pressure oscillations, that being strong enough lead to cavitation in the molten metal. The onset of cavitation in molten steel is detected by the occurrence of characteristic sub-harmonics in the sound recorded at the surface of the cell. The oscillating magnetic force is applied for dispersion of SiC nanoparticles in aluminium and for mixing ofthe immiscible metals lead and aluminium. Micron-sized lead inclusions are observed in the aluminium matrix.

Introduction

Acoustic cavitation by power ultrasound is widely used for the purpose of nanoparticle dispersion in room temperature liquids. There are also numerous experimental reports demonstrating that power ultrasound facilitates the dispersion of nanoparticles in a molten metal. So far, this property has been applied for the production of metal matrix nanocomposites (MMNC) of light metal alloys [1,2]. Being extremely violent on the micro-scale, the cavitation degrades also the vibrating surface transmitting the ultrasound into the liquid. A contactless technique for cavitation excitation is, therefore, desirable. Combination of induction heating with a steady axial magnetic field offers such an option. This combination creates an alternating radial magnetic body force in a cylinder [3]. The resulting acoustic pressure is proportional to the product of the steady and the alternating magnetic field components [3,4]. Our experiment is designed to maximize the induction currents and, thus, keep the static field moderate. We continue our earlier study [4] by considering the cavitation inception conditions in molten stainless steel. Besides, we investigate effect of magnetically excited ultrasound on the mixing of the immiscible metals lead and aluminium as well as on the SiC nanoparticle dispersion in aluminium.

Background

Consider an infinite liquid metal cylinder of radius a in a uniform magnetic field with a steady and an alternating component
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The alternating component of the magnetic field induces an azimuthal current, which in combination with the static axial field creates an oscillating radial force. This force is curl-free and, therefore, is balanced by an oscillating pressure field. Suppose the frequency  is high enough to cause a strong skin-effect ( 0 a 2 >> 1, where  and  0 are the electric conductivity and magnetic permeability of the metal, respectively) yet low enough to form a long acoustic wave /s >> 2a, withsbeing the sound speed in the metal. Additionally suppose that the alternating field component is much smaller than the steady one (b A <<B z , where b A =|b(a)|). Under these conditions the alternating magnetic pressure is uniform in the bulk and has the amplitude [4] .
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Acoustic cavitation is a recurring non-linear growth and subsequent collapse of small bubbles due to the oscillating pressure field in the liquid.Expansion of small bubbles is hindered by the Laplace pressure 2/R 0 , where R 0 is the bubble initial radius and  is the surface tension.In an ideal liquid, where transientvoids are only created by thermodynamic fluctuations, the critical tension is comparable to the yield strength of metals [START_REF] Brennen | Cavitation and Bubble Dynamics[END_REF][START_REF] Apfel | [END_REF].Such tension is out of reach of power ultrasound. Thus, the observed beneficial effects of power ultrasound in metal casting [1,2] depend on size and density of cavitation nuclei, that is largely unknown and uncontrolled.Inpresence of gaseous bubbles the transient cavitation threshold may be expressed as
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wherep 0 is the ambient pressure.This expression depends on R 0 that is neither given nor constant as gas bubbles tend to grow in a sound field even from an under-saturated solution (due to rectified diffusion, see [START_REF] Brennen | Cavitation and Bubble Dynamics[END_REF]7]).As bubbles start to cavitate, they emit their own soundcontaining characteristic sub-harmonics f 0 /n, wheref 0 is the drive frequency andn=2,3… [7,8]. We use this property for identification of cavitation inception.

Experimental

The experiment is made in an evacuated cell (p 0 < 400 Pa) shown in Fig. 1.It consists of a quartz tube5 and water cooled copper caps3. The cell is placed in a 82 mm wide vertical gap of an electromagnet. Water cooled copper screens 8are used to protect the ferromagnetic pole shoes9 from the induced currents. The electromagnet provides a magnetic flux density of up to 0.5 T in the experimentalvolume. The maximum inductor current r.m.s value is I AC = 1300 A that corresponds tob A = 0.130 T. Frequency of AC isf 0 = 14.7 kHz. Four piezoelectric sensors4 are glued at thesurface of the bottom cap for the purpose of sound detection. The electric signal from theseelements is acquired by a digital oscilloscope at 3.2 μs temporal resolution in packets of 5000measurements. More details of the setup are given in Ref. [4]. Thesample 1 is placed between two water cooled replaceable vertical supports 2 (diameter 20 mm). This configuration allows to increase the induction current without overheating the sample. Besides, it constrains the sample to the space in between. The induced currents in interaction with the alternating magnetic field itself createa time-averaged magnetic pressure p m = b A 2/4 0 ≈ 3kPaat the maximum induction current [4]. This corresponds to 110 and 38 mm head of liquid aluminium and steel, respectively. Thus, the vertical free surface of the molten sample may be supported by the magnetic forces alone. Though, a refractory side support6 is still needed to accommodate vertical variation of the magnetic pressure and to contain surface instabilities.

Samples of three kinds are used in this study. Two of them consist basically of 99.9% pure aluminium with either a lead lump or SiC nanoparticles added. The third sample consists of commercial non-magnetic stainless steel SAE 304.To investigate the effect of acoustic cavitation on the nanoparticle dispersion these particles first need to be inserted into the liquid metal. For this purpose we alloyed them mechanically with aluminium and then melted the obtained MMNC together with the pure material.Both vertical supports for the aluminium-based samples are compounded of 12 mm copper and 3.5 mm stainless steel discs to adjust the thermal resistance. The liquid metal facing surface is sprayed with boron nitride. Fig. 1(b) displays the assembled cell with the compounded copper-steel supports and the sample consisting of initial SiCMMNC over a pure aluminium disc. In case of steel, the liquid sample is formed as 26 mm long steel supports are partially molten in the middle of the cell.

Results

Figure 2 displays the transient sound spectrum in case of: (a) Al+Pb and (b) steel sample. In both cases the static magnetic field induction was 0.5 T. The inductor current was varied stepwise. In case of Fig. 2(a) it was raised to 1200 A at t=590 s and sustained for about 10 minutes. The first short burst of f 0 /2 sub-harmonic was observed at t=610 s. A continuous cavitation signal with pronounced f 0 /2 and f 0 /4 modes set in after a significant delay at t=850 s. In case of steel (Fig. 2b) the inductor current was raised to 1050 A at t=190 s and sustained at this level until t=290 s. The first signs of cavitation in form of a weak f 0 /2 sub-harmonic was observed at t=210 s. In the following, the intensity of this mode gradually increased until it suddenly disappeared as the inductor current was lowered. Thus, the cavitation in steel started at a lower acoustic pressure (estimated 42kPa) than in case of Al+Pb (48kPa),although the surface tension of steel is much higher than that of aluminium or lead. Apparently, largerinitial bubbles have compensated the larger surface tension of steel in (3). The solidified aluminium-based samples were cut axially and inspected by microscope. Although most of the lead remained segregated, a fraction of it was dispersed in form of micron-sized droplets as displayed in Fig. 3.Similar droplets have also been observed in case of power ultrasound applied during solidification of the aluminium-lead system [9]. A smaller amount of the dispersed lead in our case might be caused by a comparably low intensity of cavitation. That may be improved by increasing both the acoustic and the ambient pressure. For the purpose of nanoparticle insertion in liquid aluminium we used MMNC with an elevated particle concentration prepared by powder metallurgical approach. This material turned out resistant to red-glowing temperatures well above the aluminium melting point. Darker spots in Fig. 4(a) represent fragments of the initial MMNC. A border between such a fragment and the aluminium-rich phase is shown in Fig. 4(b). Results of X-ray fluorescence (XRF) investigation of the lighter part of this sample implieda silicon content about half of that in the particle-rich darker initial MMNC. Though, at least a part of this silicon appears to be dissolved from the particles as evidenced by the formation ofa grain structure in Fig. 4(b).High temperatures reached in this trial provide an additional evidence of dissolved silicon that apparently have reducedthe electric conductivity of the sample.A lower concentration initial MMNC (1% SiC) disintegrated and mixed into liquid aluminium much better with no visible macroscopic nonuniformity. A glowing temperature was not reached in this trial with even a higher inductor current.Micrograph of this sample (Fig. 4c)reveals a different structure of tangled particle-rich filaments as well as dark globules, likely consisting of agglomerated SiCparticles. We have also applied scanning electron microscopy to look for individual nanoparticles. These attempts have not yet delivered conclusive evidence. 

Summary

We have continued the experimentalstudy [4] of contact-less electromagnetic cavitation in liquid metals. Acoustic evidence of cavitation in liquid steel in an evacuated cell has been observed at an estimated sound pressure of 40kPa. The electromagnetic cavitation has been applied to stir immiscible lead into aluminium as well to mix SiC nanoparticles into the aluminium matrix. Formation of micron-sized lead inclusions in aluminium has been observed although most lead remained separated. Apparently, the intensity of the observed cavitation regime was insufficient that may be enhanced by increasing both the ambient and the sound pressure. The evidence for nanoparticle dispersion by this method is not yet conclusive. Our trials have revealed difficulties with particle insertion by means of highly loaded aluminium SiC MMNC as this material resisted temperatures well above the aluminium melting point.
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 1 Fig. 1: The experimental set-up: (a) Scheme; (b) Photograph with the AC coil and the upper electromagnet pole piece removed: 1sample; 2vertical supports; 3water cooled caps; 4piezoelectric sensors; 5quartz tube; 6side support; 7 -AC coil; 8copper screen; 9electromagnet pole shoes.

Fig. 2 :

 2 Fig. 2: Temporal dependency of the sound power spectrum in case of (a) aluminium with lead; (b) stainless steel. Depth of the logarithmic colour palette is 40 dB.

Fig. 3 :

 3 Fig. 3: Micrographs of aluminium sample with lead droplets dispersed by electromagnetic cavitation. The initial mass ratio of Al and Pb is 0.50.

Fig. 4 :

 4 Fig. 4: Sections of aluminium samples molten together with SiC MMNC under electromagnetic cavitation: (a,b) highly loaded initial MMNC (10%vol.SiC 50 nm, I AC =1050 A, B z =0.5 T); (c) moderately loaded initial MMNC (1%vol.SiC 50 nm, I AC =1250 A, B z =0.5 T)
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