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The pulsed magnetic fields (PMF) with magnetic intensities of 0.129~0.35 Tesla were respectively applied to two kinds of alloys of hypoeutectic Al-7% Si and eutectic Al-11.5% Si during directional solidification at the drawing rate of 130 μm/s. The influence of PMF on temperature gradients and the relative position of Solid/Liquid interface were investigated. The experimental results show that the temperature gradient ahead of solidifying interface was increased, and the width of mushy region in Al-7% Si alloy was decreased, and that the relative position of S/L interface in the Al-11.5% Si was dropped when the PMF was applied. The analysis suggested that the PMF would create more Joule heat in the liquid phase than that in solid phase, which effect will decrease the region of constitutional undercooling.

Introduction

With the aid of electromagnetic force produced by interaction between the electric current and magnetic field, electromagnetic techniques change the metal forming qualities and its internal microstructures by influence the melt flow, mass transfer and so on [1][2][3]; furthermore, the heat transfer and exchange which induced by the magnetic treatment can not be neglected during solidification. Pirmohammadi et al [4] approved that the heat transfer mechanisms within the enclosure depend strongly upon both the strength of the magnetic field as well as the Rayleigh number, while Lo [5] disclosed that the heat transfer rate is decreased with increasing the strength of the external magnetic field in the lower region of the Prandtl number. The PMF with a high strength can be produced by using discharging current of capacitors passing through solenoid coils, and then the magnetic strength will attenuate with a ultrahigh oscillating frequency within a certain lasting time. It has many advantages such as short relaxation time, strong magnetic penetration, and simple control process, etc., enriches the theory research of electromagnetic metallurgy, and indicates the application prospect in aspects of large ingot or casting solidification control. However, nowadays the mechanism of the PMF on the metal solidification process and the heat transfer are still not clear, and still lack systemic experimental works, therefore, based on the good controllable directional solidification technology this research work uses two compositions of aluminum silicon alloys, comparatively studies the effects of applying PMF on the temperature gradients, the change of solidifying interface position.

The experimental methods

The industrial Al-11.5%Si alloy and commercially pure aluminum (99.7%) were selected as raw materials. The alloy of Al-7wt%Si was blended by Al-11.5%Si and pure aluminum according to the composition proportion and melted in the crucible resistance furnace. The self-made experimental devices of magnetic pulse directional solidification with liquid quenching are illustrated in figure 1. The directional solidification of metallic test bars was realized by moving the heating furnace and cooling water jacket in the device. The pulling rate of 130m/s was determined by comparison of several experimental results to ensure the solid/liquid interface within the pulsed magnetic field generated between the magnetic dipoles during the directional solidification of molten metal. By regulating the discharge voltage to adjust the peak discharging current, thus the magnetic strength of PMF was changed. The experimental parameters are listed in table 1. No. 1#-5# samples are Al-7%Si alloys and No. 6#-10# samples are Al-11.5%Si alloys in the table. The alloy bar inserted into the corundum crucible of 7115 will be placed on the supporting rod. The furnace temperature was 900℃, after preserved the temperature for 20 minutes, the experiments were carried out according to the setting drawing velocities and peak strengths of PMF as listed in table 1. Two thermocouples 10 mm apart from each other were distributed into the samples. The temperature changes were real-time measured during solidification with the application of PMF. When the directional solidification entered the stable growth stage, the liquid-quenching was carried out. After being wiped and cleaned, the directional solidification test bar was cut for 10 mm length around the center line of liquid-solid interface to prepare the metallographic specimen. The mushy zone width of hypoeutectic samples was measured, and the position of S/L interface of eutectic samples was determined. 

The experimental results and discussions

The effects of pulsed magnetic field on the temperature gradients ahead of the solidifying interface. Under the different magnetic strength of 0 T and 0.3 T, the cooling curves of two measuring temperature points with the interval of 10 mm apart were in real time obtained during the directional solidification, which shown in figure 2. It can be seen from the figure 2 that the PMF obviously influences the temperature distributions in the two kinds of Al-Si alloys during the solidification and intensifies the temperature fluctuation in the melt. The time difference, t, between the lower thermocouple which has been in the solidus temperature and upper thermocouple just entered the liquidus, can be obtained in the partial enlarged drawing of figure 2 (a), and (b). Therefore, the width of mushy region x can be calculated using the relation of x=10mm-t, in which  is the pulling velocity of furnace. The calculated results are listed in table 2. The width of mushy zone of Al-7%Si alloy can be actually measured on the surface of metallographic samples, which also are listed in the table 2. The results of mushy region width in table 2, whether calculated or actually measured, indicate a fact that the application of pulsed magnetic field can reduce the width of mushy region, and the width of mushy region decreases gradually with the increase of pulsed magnetic strength. Because the two thermocouples have a relatively fixed position, the temperature variation is a function of time during solidification, compare the two partial enlarge illustration in figure 2 (c), and (d), thus the temperature gradients ahead of solidifying interface can be calculated. The values of temperature gradients ahead of solid-liquid interface of eutectic sample are also listed in table 2. The temperature gradients in both alloys increase with the increasing of pulsed magnetic strength, which can be seen from table 2. The relative position of S/L interface of two kinds of Al-Si alloys under the effect of pulsed magnetic field Figure 3 shows a coordinate system is set up in the solidifying cell with a PMF. The origin of coordinates O lied in the intersection of upper surface of silicon-steel lamination core and axis of alundum tube. The direction of the X axes agrees with the directional solidification direction. The distances between S/L interface of Al-Si alloys and origin of coordinates O is x 0 , which indicates the relative position of S/L interface shown in figure 3. The values of x 0 are determined according to the position of S/L interface on the macroscopic surface of metallographic specimen after liquid-quenching and pulling duration to calculate. The variation of x 0 is shown in figure 4. It can be seen from figure 4 that x 0 increased with the increase of pulsed magnetic strength in the both Al-Si alloys during the solidification, which provide an evidence that the S/L interface move down when a PMF is applied, and the fall extent of S/L interface is

increased with the increasing of pulsed magnetic strength. 

Analysis and discussion

Quoting the classical composition undercooling theory, the solute enrichment in front of solidifying interface causes liquidus temperature distribution from low to high, combining with the actual temperature gradient ahead of solid-liquid interface, so the constitutional supercooling zone is formed. Under the effect of PMF, the temperature gradient increases in both Al-Si alloys, the constitutional supercooling zone become narrow, which bring the reduce of the mushy region in the solidification of hypoeutectic Al-Si alloy and the stabilization of the solidifying growth interface in the eutectic Al-Si alloy. Moreover, the Joule heating effect of low frequency PMF on the metallic melts can not be overlooked. Because of the electrical resistivity of liquid phase superiors to solid phase during the solidification, the heating effects will mainly concentrate on the liquid phase, which promotes the temperature rise in melt, result in remelt of solid and move down the S/L interface. The electrical resistivity accords with the relation of
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, where  and  is temperature coefficients. L  and S  respectively refer to the electrical resistivities of liquid and solid. The L  is several times bigger than S  [6]. The temperature rise which caused with Joule heat can be calculated by
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, where j is induced current density, t is the time of applied PMF, d  is the material density, c is the specific heat capacity, s is sectional area. Thus, the temperature rise in liquid phase is several times bigger than that in solid phase, which increases temperature gradients ahead of S/L interface, decreases the width of mushy region. And the temperature rise effect of PMF brings about the move down of S/L interface.

Conclusion

The measuring works of the temperature fields and the relative position of S/L interface during directional solidification with a application of PMF were carried out in this work. The results show that temperature gradients ahead of solid-liquid interface are raised in two kinds of Al-Si alloys when a PMF is exerted during directional solidification, and that the temperature gradients are increased with enhancing the pulsed magnetic strength. The Joule heat induced by low frequency PMF increases the temperature difference in the liquid phase and solid phase. That is the reason of temperature gradients ahead of S/L interface increase, and brings about decline of the mushy region width of hypoeutectic Al-Si alloy. The relative position of S/L interface move down in the eutectic Al-Si alloys during directional solidification with exerting a PMF, is the another evidence of Joule heating effect of PMF.
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 11 Fig.1: Schematic diagram of directional solidification experimental device under the pulsed magnetic field.
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 2 Fig.2: The cooling curves of two kinds of Al-Si alloys.
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 34 Fig.3: The schematic diagram of coordinate system with the application of pulsed magnetic field.Fig.4: The relative position curves of S/L interface of two kinds of Al-Si alloys with different pulsed magnetic strength.

Table 2 :

 2 The relevant solidification parameters of two kinds of Al-Si alloys under different pulsed magnetic strength

	Number of samples	1#	2#	3#	4#	5#	6#
	Pulsed magnetic strength, B/T	0	0.247	0.3	0	0.247	0.3
	Calculated mushy region width,	6.88	5.13	4.54	-	-	-
	x/mm						
	Real measured mushy region width,	7.0	5.9	4.9	-	-	-
	x/mm						
	Temperature gradient ahead of S/L	4.63	6.19	6.41	5.13	5.22	8.25
	interface, G/℃mm -1						
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