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In the present study, the effect of pulsed magnetic field (PMF) on the solidification structure of commercial purity Al was investigated. The results clearly show that the developed columnar grain is formed opposite to the heat release direction without PMF. However, a novel solidification structure, i.e. a refined equiaxed grain layer with a smooth interface inside the large columnar dendrites, is formed due to the application of PMF. The formation mechanism is ascribed to the agitation Lorentz force acting on the sample, the forced liquid flow and the crystal growth.

Introduction

Fine crystalline grain sizes enhance most mechanical properties in engineering alloys and consequently much effort is expended in trying to understand and control alloy grain size. Many methods can be used to refine the grain size of alloy, including adding inoculants [1][2], application of electromagnetic field including rotating or travelling magnetic field [3], supersonic field [4][5] or other methods etc. Of the intrinsic methods, electromagnetic stirring is the one of the most mature, have been applied in the continuous casting of steel and aluminum. The effect of a pulsed magnetic field (PMF) on the solidification of alloys or pure metal, especially on the grain refinement, has been confirmed by many investigations [6][7][8][9][10][11][12][13][14]. Many experiments and numerical simulations of this process have been carried out in recent years. For the case of alloys, the effect of PMF on the solidification structure was deeply investigated. Recently, it was found that the application of a PMF to an array of Al-15wt.%Cu dendrites led to an increase in dendrite fragmentation rate observed by synchrotron X-ray imaging. This phenomenon can be ascribed to instabilities in the local temperatureconcentration-curvature equilibrium and the rapid remelting of the most vulnerable microregions [12]. For pure metal, however, the grain refinement mechanism by PMF is still not clear. Not enough solute atoms exist to introduce the solute undercooling, which is helpful to dendrite fragmentation and then grain multiplication. Hence, some other mechanisms should be responsible for the grain refinement. For example, Zhao el at. ascribed the grain refinement to the forced convection induced by PMF which may encourage a thermal homogenization of the liquid zone ahead of the solidification front [15]. Understanding of the refining mechanism is still limited to phenomena where solid proof from experiments is absent. Although synchrotron X-ray imaging is a powerful method to in situ observe the solidification process which may uncover the refinement mechanism, it cannot be used for pure Al due to the similar densities between liquid and solid Al. In addition, the thickness of sample for synchrotron X-ray imaging analysis is only about 120-200 μm. The bulk convection during solidification is restrained which is very different from the actual situation. Hence, in the present study, we investigated the effect of self-prepared PMF on the grain size of commercial purity Al, and the corresponding refining and controlling mechanisms were also discussed.

Experimental

The commercial purity Al used in the present study was 99.76 wt.% and 0.18 wt.%Fe. The PMF was induced by a coil of 80 circles connected with a self-prepared power based on the principle of the discharge control of capacity into coils. The current I used was 500 A and the frequency was 10 Hz, and was measured to be sine wave which can be written as
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. Pure Al was heated to 720 o C in a resistance furnace. Then the liquid melt was poured into a steel pipe with an inner diameter of 45 mm and height of 90 mm which was placed on a water-cooled copper mold, and then placed into the PMF for different solidification times. The steel pipe was surrounded by three layers of asbestos to prevent the Al melt from solidification at the sidewall of mold, and was temperature hold in a heat treatment furnace at 700 o C. It should be noted that the cooling rates were different at various positions under different conditions due to the introduction of PMF. Specimens collected in this study were all cut across longitudinal section for macrostructural characterization in order to avoid experiment error. Then the specimens were ground and polished using standard metallographic procedures for macrostructure examination. The etched reagent for macrostructure was a mixed acid of 75 ml HCl, 25 ml HNO 3 and 5 ml HF. The grain size measurements were carried out by mean linear interception method using image analyzer.

Fig. 1 Schematic illustration of experimental setup

Results and discussion

The macrostructures of pure Al solidified under PMF with 500 A and 10 Hz for different times are shown in Fig. 2. In the case of solidification without PMF, the developed columnar grains start to grow vertically from the bottom of the mold in the opposite direction of the heat flow (see Fig. 2a). However, when the pure Al solidified on a water-cooling copper mold for 30s and then solidified under PMF with 500 A and 10 Hz for 20 s (see Fig. 2b), a novel solidification structure is formed that a refined equiaxed grain layer with grain size of 0.4 mm locates between the two layers which is composed of columnar dendrites. When the PMF time is extended to 40 s, the thickness of refined grain layer becomes larger and also a columnar grain layer is formed at the top of the sample. convection in the solidifying alloy melt [16][17][18]. Currently, the preferred scenario is the remelting of the necks of individual dendrite arms, which is based on the convective transport of solute and/or heat into the mushy zone that has been observed in transparent model substances [19] and in metal alloys [20]. However, for the case of commercial purity Al with little impurities solidified under electromagnetic field, the situation may be different because a little solute enrichment will segregate in front of the solid-liquid interface, and the mechanism is needed to be clarified and investigated. When the power is switched on, a pulsed current goes through the coils due to the discharge of the capacity, resulting in the introduction of PMF. Hence, an induced current is formed in the Al melt due to the Lenz law, and an induced Lorentz force in the melt can be given as [START_REF] Asai | Electromagnetic Processing of Materials[END_REF]:
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(2) Then the time-averaged electromagnetic force per period is expressed as:
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(3) where J is the current density, B is the magnetic flux intensity, μ is magnetic permeability, δ is the electromagnetic skin depth which can be written as
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In the present study, the electromagnetic skin depth is estimated to be 2.4 mm. The above equation suggests that the time-averaged electromagnetic force reduces as an exponential trend. Furthermore, the induced Lorentz force is an agitation force acdcording to the calculated results (which will be published elsewhere), and can introduce a pressure gradient into the melt which results in a forced melt flow. During the crystal grow process, the temperature always plays an important role. As shown in Fig. 2a, the columnar grains are formed due to a vertical temperature gradient thanks to the use of a cooling copper mold. However, under PMF, the forced convection induced by the PMF encourages the thermal homogenization of the liquid zone, and the growth condition of the columnar grains is restricted. Thus, the refined equiaxed grain is formed rather than the columnar grain structure, as shown in the interlayer of Fig. 2b-c. When the power of PMF is switched off, the vertical temperature gradient is re-built. The equiaxed grains with a good growth condition or crystal orientation will grow to be the columnar again, final resulting in the formation of three-layer structure. The present study is beneficial to the investigation of columnar-equiaxed-transition (CET).

Conclusions

In the present study, the effect of pulsed magnetic field (PMF) on the solidification structure of commercial purity Al was investigated through a series of experiments. The results clearly shows that the developed columnar grain formed opposite to the heat release direction can change to be the refined equiaxed grains. However, a novel solidification structure, which a refined equiaxed grain layer with a smooth interface inside the large columnar dendrites, is formed due to the application of PMF. The corresponding formation mechanism is ascribed to the agitation Lorentz force acting on the surface of sample and the forced liquid flow.

Fig. 2

 2 Fig. 2 Pure Al solidified on a water-cooling copper mold for 30s and then solidified under PMF with 500 A and 10 Hz for different times (a) 0 s, (b) 20 s, (c) 40 sIn the present study, the formation of refined grain structure is achieved by the introduction of PMF with its intrinsic character, such as the introduction of forced convection, vibration, heat transfer, and Joule heat. Various investigations have demonstrated that a pronounced decrease in grain size can be achieved with increasing intensity of forced

Acknowledgement

The authors gratefully acknowledge the support of the Natural Science Foundation of China (No. 51471042, 51271042), and the Fundamental Research Funds for the Central Universities of China (DUT14RC(4)13).