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The Effect of magnetic field on the microstructure and morphology of directionally solidified Ni-Mn-Ga alloys
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The effect of magnetic field on the microstructure and morphology of austenitic Ni-Mn-Ga alloy during directional solidification has been investigated experimentally. Results indicate that magnetic field changed the dendrite spacing and morphology of liquid-solid interface. The magnetic field also caused the channel segregation near the liquid-solid interface. These influences should be contributed to the thermoelectric magnetic convection (TEMC) on the specimen scales and the dendritic scales induced by the transverse magnetic field during the directional solidification.

Introduction

Ni-Mn-Ga alloys, as the best-known group of ferromagnetic shape memory alloys (FSMA), has recently attracted a great deal of interest due to its huge magnetostrain of up to 10%, which is of potential for application in actuators [1][2][3][4][5].

Indeed, the performance is strongly dependent on the microstructural configuration and crystallographic correlation of constituent martensitic variants. It is noteworthy that the microstructural configuration of martensitic variants and their crystallographic correlation deduced from the martensitic transformation that follows certain specific orientation relationships (OR) between the parent phase and the product phase. Thus, the microstructure and crystallographic orientation of parent austenitic phase are important for the performance of product martensite.

Recently, the application of magnetic field during directional solidification is an interesting research topic because abundant microstructural and morphologic changes occur in various alloys [6][7][8]. In this study, room-temperature austenitic Ni 48 Mn 30 Ga 22 alloy was designed to explore the effect of magnetic field on the microstructure and morphology during directional solidification. Indeed, insight into these aspects is of both theoretical significance and practical interest.

Experimental Procedures

Ni-Mn-Ga alloys with nominal composition of Ni 48 Mn 30 Ga 22 used in this study were prepared with high-purity Ni (99.99 wt.%), Mn (99.9 wt.%) and Ga (99.99 wt.%) in an Ar atmosphere. Stoichiometic amount of Ni, Mn and Ga were melted in an arc-melting furnace four times and suctioned into a quartz tube to cast specimens with a diameter of 3 mm and length of 150 mm. The cast specimen was enveloped in a tube of high-purity corundum with an inner diameter of 3 mm and length of 200 mm.

The experimental apparatus in a transverse magnetic field consists of an electromagnet and a Bridgman-Stockbarge-type furnace equipped with a pulling system and temperature controllers, as illustrated in our previous report [9]. The samples were prepared under various magnetic field intensities and growth speeds in order to examine the effect of the magnetic field on the microstructures during the directional solidification. The samples obtained in the experiments were sectioned and mechanically polished. The microstructures were examined using optical microscopy and scanning electron microscopy (SEM). The element distribution was measured by energy dispersed spectrum (EDS) by line scanning and map scanning. All samples were characterized using Hitachi SU70 scanning electron microscope (SEM), equipped with Octane plus EDS detector.

Results and discussion

Fig. 1 shows the longitudinal microstructure near the liquid/solid interface in directionally solidified Ni-Mn-Ga alloys at various growth speeds under different magnetic field intensities. It can be observed that the microstructure near the liquid/sololid interface transforms from planar to dendritic with the increase of growth speeds. At a low growth speed (1 μm/s), the interface of the sample prepared without magnetic field is almost planar with two caves caused by natural convection. When the magnetic field intensity is 0.1 T, the interface shows a cave only on one side. If the magnetic field intensity increases up to 0.8T, the interface becomes extremely planar. At higher growth speeds (i.e. 5 and 20 μm/s), the field has caused the planar to become cellular-dendrite or regular dendrite. When the magnetic field is applied, the interface shows the similar transformation as shown in the samples at lower growth speed. Moreover, it is worthy to note that channel segregations exist in the samples prepared under a magnetic field at 5 μm/s growth speed.

Furthermore, the magnetic field has caused that the dendrites become much shorter and thinner.

The solution distribution has a great effect on the microstructure of directional solidification. The distributions of solutes Ni, Mn and Ga were measured in the line scanning mode at the similar location in the interface front of the samples at 1 μm/s with and without magnetic field. As shown in Fig. 2a, the solute Mn is higher in the two sides and inter-dendrite zone. When a 0.1 T transverse magnetic field is applied, the solute Mn is higher in the one side and inter-dendrites, which is corresponding to the microstructure shown in Fig. 2. It also can be shown that the dendrite spacing become smaller while the curve of solute Mn shows more peaks which exist in the inter-dendrite. In order to further reveal the element distribution under magnetic field, EDS mapping scanning were measured in the sample in a 0.1 T magnetic field at 5 μm/s growth speed (Fig. 3). Fig. 3a shows the SEM image near the liquid/solid interface in the sample. Fig. 3b shows the EDS phase mapping containing two phases, blue area indicating Mn-poor zone and red indicating Mn-rich zone. It can be found that the solute Mn is rich in the inter-dendrite and channel segregation zone.

From the above experimental results, it can be learned that the application of magnetic field during the directional Fig. 2. The distributions of solutes Ni, Mn and Ga measured in the interface front of the samples with a growth speed of 1 μm/s with and without magnetic field.

Figure 3. EDS mapping of solid/liquid interfaces of Ni-Mn-Ga alloys solidified at a growth speed of 5μm/s under magnetic field with intensity of 0.1 T.

Figure 4. Schematic of the TEMC and its effects on the solidification structure during the transverse magnetic field: (a) TEMC near the liquid/solid interface and its effect on the solidification structure, and (b) formation of the channel caused by the flows induced by the TEMC. solidification influenced the liquid/solid interface morphology and led to the formation of channel segregation. This should contribute to the formation of the effect of solute migration in the interface and in the mushy zone. As is mentioned in Ref. [9], a Lorentz force will be generated near the solid/liquid interface during directional solidification under a magnetic field due to seebeck effect, which will induce a liquid convection called thermoelectric magnetic convection (TEMC), as is shown in Figures 4(a) and (b). The TEMC and the corresponding recirculation loops will cause the solute to move along the direction perpendicular to the magnetic field (i.e., the direction of the TEMC). As a result, the sloping interface will form. However, the TEMC at the crucible scale increases with the increase of the magnetic field and reaches a maximum value when B is of the order 0.1 T, the sloping amplitude reaches a maximum under a 0.1 T magnetic field and decreases with the increase of the magnetic field intensity (Fig. 1). On the other hand, the TEMC may result in the channel formation, as shown in Figure 4(b). Moreover, it is known that dendrite spacing readily adjusts in response to interdendritic constitutional supercooling. Therefore, the adjustment of the cellular/dendritic spacing can be contributed to the influence of the TEMC on solute transport, and thus interdendritic constitutional supercooling.

Conclusions

The effect of magnetic field on the microstructure and morphology of austenitic Ni-Mn-Ga alloy during directional solidification has been investigated experimentally. The main results are listed as follows:

1. The application of a transverse magnetic field refined the dendrites of directionally solidified Ni 48 Mn 30 Ga 22 at a higher growth speed (e. g. 5 μm and 20 μm).

2. The transverse magnetic caused tunnel segregation near liquid-solid interface.

3. The above results might be attributed to the solute migration caused by the thermoelectric magnetic convection (TEMC) induced by the transverse magnetic field during the directional solidification.

Figure 1 .

 1 Figure 1. The metallography images of austenitic Ni 48 Mn 30 Ga 22 alloys under different magnetic field (0, 0.1, 0.5 and 0.8 T) with different growth velocities (1, 5 and 20 μm/s).
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