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In the present study, results of water simulation visually show that the acting volume of ultrasonic vibration is pretty limited and just locates around the ultrasonic probe. Considering that, the idea that controls melt flow by electromagnetic field was proposed to indirectly enlarge the acting volume of ultrasonic vibration. Therefore, the comparative trials of TiB 2 /AZ31 composites prepared under ultrasonic field coupled with rotating, traveling and spiral electromagnetic field respectively were conducted. The results show that the spiral electromagnetic stirring can not only effectively enlarge acting volume of ultrasonic vibration indirectly by controlling the composite melt flow, but also significantly improve the utilization rate of TiB 2 reinforcement particles.

Introduction

As for the same reinforcement particles, properties of magnesium matrix will be further enhanced with decreasing particle size [1][2]. However, because of the large surface free energy, fine particles (<5μm) are easily agglomerated into large clusters. Significant efforts have been taken out to distribute the reinforcement particles, including mechanical stirring [3], secondary deformation [4] and ultrasonic treatment [5]. But the results are less than satisfactory. Not only that, the particle clusters are tend to deposit, which leads to a low utilization rate of reinforcement particles [5]. As a result, the uniform distribution and ideal utilization rate of such fine particles have been a challenge.

In the present work, the acting volume of ultrasonic vibration was investigated by water simulation experiments.

The idea was proposed that electromagnetic fields were used to make melt flow through the zone of ultrasonic probe and then indirectly enlarge the ultrasonic vibration effect. Accordingly, in-situ TiB 2 /AZ31 composites were prepared under ultrasonic field coupled with three different types of electromagnetic fields. Microstructures of TiB 2 /AZ31 composites, including particle clusters size, particle distribution and utilization rate, were investigated to evaluate the effects of three different types of electromagnetic stirring.

Experimental procedure 1.1 Water simulation about acting volume of ultrasonic vibration

Pure water was selected as the media to study the acting volume of ultrasonic vibration. The frequency and the power of the ultrasonic vibration were 20 kHz and 330W, respectively. As shown in Fig. 1a, ultrasonic probe was dipped into the pure water served in a beaker, and a digital camera was used to record the shape of sound beam below the radiation face of the probe. To further investigate the weakening trend of ultrasonic energy, an aluminum foil (16μm in thickness) was placed below the probe (Fig. 1b). The distance from radiation face to aluminum foil was 0mm, 5mm, 15mm and 20mm, respectively. When the ultrasonic probe worked for 5s, the aluminum foil was removed and its morphology was observed to analyze the penetration capacity of ultrasonic vibration. Nominal composition and preparation process of Al-Ti-B preform have been mentioned in our previous studies [6]. The AZ31 magnesium alloy was first melt in a steel crucible. At 780℃, about 4wt% Al-Ti-B preform was added into the melt. 15 min later after the completion of SHS, the composite melt was mechanical stirred (MS) for 10min at 620℃ to preliminarily break up the SHS products. Subsequently, the composite melt was reheated to about 700℃. While the alloy melt is stabilized at this temperature, an ultrasonic field (power and frequency were 600 W and 20 kHz) coupled with three different types of electromagnetic field (rotating electromagnetic field (RMF), traveling electromagnetic field (TMF) and spiral electromagnetic field (SMF), respectively) was applied to modify particle dispersion in the composite melt. Current and frequency of the three types of electromagnetic fields were all 120 A and 10 Hz. Schematic illustration of the coupled-field treatment on the composite melt was shown in Fig. 2. After having been coupled-field treated for 20min, the remaining composite melt was reheated up to 720℃ and cast into a steel mold. For comparison, AZ31 alloy and TiB 2 /AZ31 composite treated only by ultrasonic field (UF) were also made. Material designations and preparing condition were shown in table 1. Samples for optical microstructure observation were firstly homogenized at 415℃ for 20 h. Then they were mechanically polished and etched in the acetic picral (2.1 g picric acid + 5 ml acetic acid + 5 ml water + 35 ml ethanol).

In present study, the area percentage of TiB 2 in optical micrographs calculated by Image J software was used to show the utilization rate of reinforcement particles. The average grain size of each sample was obtained by using the mean linear intercept method.

Results and discussion

Acting volume of ultrasonic vibration

It is believed that the strong impact of power ultrasound can overcome the Van der Waals force and the capillary force between fine particles in clusters, and thereby break nanoparticle clusters [5,7]. Results of extraction experiments in our previous study [8] also showed that the ultrasonic vibration could break TiB 2 particle clusters, but the utilization rate of them was low. The low utilization rate should be ascribed to the limited acting volume of ultrasonic vibration [8,9].

The acting volume of ultrasonic vibration can be intuitively observed by water simulations. As can be seen from Fig. 3, the energy of ultrasonic vibration is emitted from the radiation face of the ultrasonic probe. The cross-sectional area of the sound beam reduces gradually when it is far away from the probe, which visually indicates a limitation of ultrasonic vibration. Fig. 4 shows the photographs of penetration of ultrasonic vibration on the aluminum foils. As the distance from foil to probe is less than 5mm, the foil is fully penetrated (Fig. 4a,b). The more far away from the probe, the weaker penetration of ultrasonic vibration becomes (Fig. 4c). Moreover, when the distance is further increased to 20mm, the foil can't be penetrated and just some pits are found on the foil surface, as shown in Fig. 4d. 

Effects of the coupled-field types on the distribution and utilization rate of TiB 2 particles

The optical microstructures of the as-homogenized AZ31 alloy and the TiB 2 /AZ31 composites prepared with different external fields are shown in Fig. 5. Fig. 6 shows the average grain size of the matrix and utilization rate of TiB 2 reinforcement particles. Under the effects of TiB 2 particles and UF treatment, sample MU showed a finer microstructure than AZ31 matrix. However, in addition to lots of small size TiB 2 particles, some pretty large TiB 2 particle clusters which not deposited during casting process were kept in the matrix (Fig. 5 b). And the utilization rate of TiB 2 particle is very low (6.4%) (Fig. 6). As RMF and TMF introduced respectively, size of reinforcement particle clusters was decreased significantly and the particles distributed more uniformly in the matrix (Fig. 5 c andd). But there was little improvement in grain refinement of the matrix compared with sample MU. What's more, utilization rates of TiB 2 particles in sample MUR and MUT were just increased to 9.8% and 11.1%, respectively. Although the size of TiB 2 particle clusters was not further decreased in sample MUS, there was an obvious grain refinement (65μm) and a significant increase in TiB 2 particle utilization rate (23.1%). electromagnetic fields. With the introduction of RMF, a cycle flow in the cross section of the melt can be realized and the melt will be forced toward the crucible wall because of centrifugal force. Instead, there is a vertically circulation as TMF introduced. In both cases, there are relatively low chances for melt unit to pass through the acting volume of ultrasonic vibration and the problem that large TiB 2 particle clusters deposited on the bottom of crucible was not well solved. As a result, there was not a significant increase in particle utilization rate in sample MUR and MUT. And this unobvious improvement in particle utilization rate contributed little to grain refinement. On the contrary, after the introduction of SMF, a good mixed flow consisting of a vertically cycle and a horizontally turning will be produced in the melt. This mixed flow can effectively control the melt unit to pass through the acting volume of ultrasonic vibration and indirectly enlarge the acting volume of ultrasonic vibration. Thus, more deposited TiB 2 particle clusters will be ultrasonically processed and then easily kept in the composite matrix. At last, a homogenous microstructure with small size particle clusters and high particle utilization rate was obtained in sample MUS. 

Conclusion

(1) Water simulation visually shows that acting volume of ultrasonic vibration is pretty limited and just located around the ultrasonic probe.

(2) The introduction of electromagnetic stirring can effectively decrease the size of particle clusters and improve the utilization rate of particles by enlarging the acting volume of ultrasonic vibration. Among the three types of electromagnetic fields, the spiral electromagnetic stirring has best effects.

Fig. 1 . 1 . 2

 112 Fig. 1. Schematic illustration of water simulation Fig. 2. Schematic illustration of the coupled-field treatment on about acting volume of ultrasonic vibration the molten TiB 2 /AZ31 composites 1.2 Preparation and characterization of TiB 2 /AZ31 composite Mg-3Al-Zn magnesium alloy was used as the matrix in the present study. In-situ TiB 2 particles was synthesized via the self-propagating high-temperature synthesis reaction (SHS) by adding Al-Ti-B preform into the molten matrix alloy.
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 3 Fig. 3. Shape of sound beam below the Fig. 4. Penetration of aluminum foil by ultrasonic vibration for different radiation face of the probe distances (a) 0mm; (b) 5mm; (c) 10mm; (d) 20mm
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 5 Fig. 5. Optical micrographs of (a) AZ31, (b) MU, (c) MUR, (d) MUT and (e) MUS after homogenizing treatmentThe acoustic streaming effect produced by ultrasonic vibration is very weak and can't fully stir the whole melt. In addition, the particle clusters were easily to aggregate together and deposit on the bottom of the crucible because of the density discrepancy between reinforcement particles and the matrix melt. Consequently, the size of particle clusters was pretty large and utilization rate was low in sample MU. After additionally introducing different types of electromagnetic fields, the size of TiB 2 particle cluster was decreased and the particle utilization rate was improved, which should be mainly ascribed to the change of melt flow. Fig.7illustrates the macroscopic melt flow under different kinds of

Fig. 6 .

 6 Fig. 6. Average grain size of the matrix and utilization Fig. 7. Schematic illustration of the melt flow with different rate of TiB 2 reinforcement particles types of electromagnetic fields
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 1 Material designations used in the present work

	Designation	Al-Ti-B (wt%)	Processing conditions
	AZ31	0	MS
	MU	4	MS + UF
	MUR	4	MS + UF + RMF
	MUT	4	MS + UF + TMF
	MUS	4	MS + UF + SMF
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