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Metal matrix nanocomposite production using contactless electromagnetic interaction
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Metal matrix nano composites (MMNC) are a class of composite materials where nano and micro scale dielectric particles are evenly distributed in metal matrix. Such materials may have qualitatively different properties and thus specific applications in technology and nuclear industry.

This work analyses the possibility to mix and disperse nano size particles into molten metal using intense contactless electromagnetic interaction. Superimposed AC and DC magnetic fields create oscillating pressure in the liquid metal. If magnitude of this pressure is sufficiently high, acoustic cavitation in the liquid metal can be achieved. Cavitation bubbles are expanding and collapsing very rapidly causing intense microscale jets which can overcome Van der Waals forces and disperse added particles.

Introduction

Evenly distributed dielectric particles in metal matrix can significantly improve some of metal properties, like mechanical strength, thermal properties and radiation absorption properties [1][2][3][4][5]. Particles added to liquid metal tend to form agglomerates due to Van der Waals forces and electromagnetic separation between metal and particles or their ensembles [6]. Dispersion of these agglomerates is a technical challenge which limits the production of these materials in larger quantities. One of the best known material of such type is oxide dispersion strengthened (ODS) steel, which consists of steel matrix and dispersed yttria or other nanoparticles. Typically the particle concentration is from 0.2 to 0.7 weight percent. ODS steel is used in nuclear applications and other ODS alloys are used in turbine blades and high temperature heat exchanger tubing [7,8]. Particle doped aluminum has increased mechanical strength and better extrudability can be achieved for some aluminum grades by adding TiB and Zr 2 O particles [9,10].

Currently most of the MMNC are produced by powder metallurgy when metal powder is mixed with particles and then sintered together by electric arc. To ensure good mixing of powders it takes lot of milling time which increases the cost of the final material. Material produced by this method has limited quality high trapped gas concentration. For aluminum and other low temperature alloys mechanical sound generation by sonotrode works well and there are several works demonstrating that in this way it is possible to achieve improved material quality, reduce porosity and improve particle distribution [11]. In case of steel this method does not work and even niobium coated sonotrode decays rapidly in liquid steel. Several works report different approaches to mix particles into liquid metals by electromagnetic methods. It is experimentally demonstrated that funnel type flow can be used to stir particles into liquid metal even if their densities are very different [12]. Immersed AC coil can also be used to stir the liquid metal and distribute particles into metal [13]. Nevertheless this type of mixing in many cases is insufficient to disperse particle agglomerates and does not break existing nanoparticle agglomerates. Electromagnetically induced sound waves in liquid metals are recently considered as one of the ways to disperse particles, if sound intensity is sufficiently high [14][15][16] It is well known that cavitation phenomena can occur in liquids if pressure change is sufficiently high. Small bubbles filled with saturated vapor appear and collapse in liquid in very short time, thus local thermodynamic quantities can reach very high values. It is known if certain speed is reached in duct flow it may lead to rapid increase of channel wall decay due to cavitation. Cavitation has also been investigated in liquid metals by several authors; however results are ambiguous due to rapid speed and small size of the bubbles. In pure metal to reach cavitation threshold liquid metal should be stretched by negative pressure comparable to the tensile strength of the liquid. In reality cavitation starts earlier and bubbles are starting to form trapped gas bubbles and impurities, thus cavitation thresholds can be very different for same material [17]. Most common way to detect cavitation is to register the sound spectrum from the liquid region. Typical cavitation spectrum contains sub-harmonics and ultra-harmonics of the main frequency f which is used to excite the cavitation. Thus main lines in frequency spectrum to acoustically detect cavitation are 1/2f and 3/2f [START_REF] Brennen | Cavitation and bubble dynamics[END_REF].

Experimental setup

Experimental setup is designed to allow simultaneous application of both AC and DC magnetic fields to the sample. DC magnetic field is created by permanent magnet system while AC field is applied by high frequency inductor. A schematic cross section of the initial experimental setup and the stably semi-levitated pure liquid copper region are shown on the Fig. 1(a). The AC field frequency range used in experiments was from 9 to 18 kHz, maximum AC field induction amplitude up to 0.09 T. Induction melted copper droplet is shown in Fig. 1(b) assumes meniscus shape as a consequence of electromagnetic forces. The DC magnetic field with maximum induction of 0.35 T was delivered by a permanent magnet assembly, permitting to apply quite uniform field over the sample region in the direction range from axial to horizontal. During processing of the liquid sample surface oscillations are observed, and their intensity and morphology are very different depending on magnetic field [START_REF] Bojarevičs | Magnetohydrodynamics[END_REF]. It was find out that the best method how to prepare initial sample is mixing together metal and powder and particles and then pressing it in hydraulic press. Such sample contains particle chunks within the size range 20-200 µm. This sample is melted by AC inductor under static magnetic field. To allow applying larger electromagnetic interaction sample is intensively cooled from bottom to prevent overheating. Maximum electromagnetic interaction is maintained by 10 minutes and then reduced to value which allow liquid metal to solidify. It was find out that it is important to maintain electromagnetic interaction until metal is completely solid to prevent particle segregation and reagglomeration.

Results and discussion

Results show that for different metal and particles combination required interaction intensity can be very different. Contactless electromagnetic method for metal matrix nanocomposite production can be feasible for some combinations. Particle dispersion and influence on material structure are examined using optical microscopy, scanning electron microscopy and X-ray fluorescence spectroscopy. Most promising experimental results in terms of particle dispersion are achieved for aluminum matrix and SiC particles, and Fe or FeCr steel matrix and and TiN particles. For these pairs of materials mutual solubility is minimal even in high temperatures as shown in Fig. 2. Some other combination like Yttria and Fe-12%wt.Cr turned out to be chemically incompatible in molten state at 1500 o C. 3(a) shows SEM image of produced composite material. Initial particle content is 2%. wt, which agrees well with the observed concentration. It can be seen that particles are not fully dispersed in all cases but achieved dispersion is very good compared to initial sample where particle conglomerate sizes were up to 200 μm. Al and SiC were chosen as a test combination because this is one of the composite material with practical applications and it has lower melting temperature. Previous study shows that SiC particle reinforced aluminum has improved mechanical properties and wear resistance [20][START_REF] Ozben | [END_REF]. Compatibility and efficiency of this method for iron alloys were tested by melting pure iron and 800 nm TiN particles. Experiment showed good stability of the particles, melted sample cross section is shown in Fig. 4. Fig. 4(a) shows that typical particle size is slightly larger than particle size, indicating that some particles are still not fully dispersed. Fig. 4(b) shows secondary electron image revealing element composition in the sample in larger scale. Here it can be seen that particles tend to concentrate on grain boundaries, which appear as linear structures in some cases. Particle concentration primarily at the grain boundaries were expected and it is investigated that this is one of the mechanism, which increases material mechanical properties by preventing sliding along grain boundaries [22]. 

Conclusions

Proposed electromagnetic contactless method to mix and disperse dielectric particles in liquid metal showed promising results for some metal-particle pairs in laboratory scale tests. Experiments show that different metals and particles behave in a very different way. Not all material pairs are chemically compatible in high temperatures thus this method can be applicable for metals and particles with low solubility and good mutual wetting. Most promising results we obtained are for Al/SiC, Fe/TiN and Cu/SiC combinations, but not in all cases particles were fully dispersed. Obtained Al/SiC composite shows good dispersion of particle conglomerates of various sizes. For better dispersion electromagnetic interaction intensity should be increased above the cavitation threshold and maintained for the longer time during treatment and solidification phase. In this work acoustic spectrum was not measured to determine whereas cavitation is achieved but our previous studies show that with slightly higher magnetic fields cavitation frequencies can be detected in liquid aluminum [23].

Fig 1 :

 1 Fig 1: (a) Schematics of the setup; (b) semi-levitated copper in axial 10 kHz AC field and DC field
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 2 Fig 2: a) Al-SiC phase diagram; b) Fe-TiN phase diagram
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 3 Fig 3: Al-SiC sample solidified under combined AC/DC electromagnetic interaction. a) SEM image; b) XRF image
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 4 Fig 4: Fe-TiN sample solidified under AC/DC electromagnetic interaction. a) SEM image; b) back scattered electron image showing element distribution (white is Ti rich areas)
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