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Introduction

It is well know that the convection in a solidifying melt can significantly influence the solute distribution directly in metal alloys and hence the mechanical properties of the materials [1][2][3]. Consequently, a precise mastering of the solute convection in the solidifying melt is essential to improve the materials performance. Application of the external physical field, such as electric field [4,5], magnetic field [6][7][8] and ultrasonic field [9,10], has been demonstrated to be an effective method for achieving high quality castings. Among the external physical field, the magnetic field offer an efficient way for a contactless influence on the convective transport of solute in the unsolidified melts. However, majority of the related studies are mainly restricted to a post-mortem analysis and cannot reveal the dynamic information. With the development of the third-generation synchrotron radiation facility, synchrotron X-ray radiography has become an powerful tool for in-situ and real-time observation of the solidification of opaque metal alloys in the recent years [11][12][13][14][15][16]. So, this imaging technique can also be applied to study the effect of magnetic field on the solidification of alloys directly. At present, only a few studies [17][18][19][20] have been reported to study the effect of electromagnetically driven melt convection on the solute profiles and the dendrite morphology using X-ray radiography, and no study on the effect of TMF was reported.

In this paper, we focus on the visualization of the solute distribution and the dendritic growth during the bottom-up solidification of Sn-50wt.%Pb alloy using synchrotron X-ray radiography. Based on the in-situ and real-time observations, we investigate the effect of solutal convection on the redistribution of solute profile and the dendrite morphology with and without a TMF in a solidifying melt.

Experimental

The experiment were carried out at beamline BL13W1 of Shanghai Synchrotron Radiation Facility (SSRF). A binary alloy with a composition of Sn-50 wt.% Pb was prepared by melting high purity Sn (99.99%) and Pb (99.99%) in an alumina crucible and casted into a cylindrical stainless steel mold. A well ground and polished sample (10×20 mm 2 and 120 μm thick) was encapsulated between two ceramic plates. A hollow polytetrafluoroethylene (PTFE) sheet was also placed between the two ceramic plates, and used to fix the sample.

The synchrotron X-ray imaging technique was used to study the effect of TMF on solute convection in solidifying Sn-50wt.%Pb alloy. The incident monochromatic X-ray was passed through the sample with an energy of 26 keV. The time sequenced images were recorded by a charge coupled device (CCD) camera with a satisfying spatial resolution (pixel size 3.7×3.7 μm). The exposure time per frame was 3-4 s.

The schematic diagram of synchrotron radiation imaging experimental setup is shown in Fig. 1. The sample cell was placed in close contact with both upper and lower plate heaters which could control the temperature independently. The temperature along the sample cell was measured by two embedded K-type thermocouples 1 cm away from each other. The mean temperature gradient over the sample was G = 6.3 K cm -1 for all experiments. The average cooling rate of the sample was R = 5 K min -1 . During the solidification, the dendrite front grew from bottom to top (antiparallel g) unidirectionally. The TMF was applied after a certain time when the dendrite front has reached about one second of the field of view. The TMF is generated by means of applying out-of-phase alternating-current to the TMF generator which was placed at the bottom of the lower heaters. 

Results and discussion

Fig. 2 shows a sequence of in-situ radiographs recorded during the solidification of Sn-50wt.%Pb alloy with and without a TMF. Fig. 2a-c show the solidification of Sn-50wt.%Pb alloy without a TMF, and a natural convection is formed during this process. The dark dendritic network corresponds to the primary Pb dendrites which are grow from bottom to top. The Sn-rich zones can be identified in the interdendritic regions and in the vicinity of the dendrite front as a result of solute rejection. The solute rejected at the solid-liquid interface is less dense as compared with the initial composition of the melt. Thus, the melt density difference in different areas provokes the formation of ascending plumes containing Sn-rich solute. Many small plumes arise at the early stage of the solidification, and then the plumes are well developed. The plumes span a distance of several millimeters and produce a long range diffusion of solute towards the melt region. Similar phenomena are also observed by Shevchenko et al. [17,20] in the solidification of Ga-In alloys. Moreover, the growth of dendrites are affected by several small crystals (grains 1 and 2 in Fig. 2b) ahead of solidification front. But finally those small crystals are blocked by the overgrowing dendrite side arms. The solute distribution can be reflected by the evolution of the gray level which related to X-ray transmitted intensity. Fig. 3a displays the gray level distribution in the melt measured at position of horizontal line A marked in Fig. 2c. It is show that the gray level distribution (i.e. Sn concentration profile) along the solidification front is inhomogeneous corresponding to the plumes pattern, which can be explained by the buoyancy driven convection that the ascending plumes containing Sn-rich solute is accompanied by a downward flow of Sn-poor melt in the intermediate space. Fig. 3b shows the gray level distribution in the melt ahead of the solid-liquid interface at positions of longitudinal lines B and C marked in Fig. 2c. The solute distribution and transportation at the solidification front have an influence on the growth of Pb dendrites. The advancement of the dendrite front at the plume positions is suppressed and the dendrite tip positions fall behind the neighboring regions where no plume exist, as shown in Fig. 2a-c. 

Conclusions

The solute distribution and the dendritic growth during the bottom-up solidification of Sn-50wt.%Pb alloy under a TMF were investigated by the Synchrotron X-ray radiography. The buoyance driven development of the plumes containing Sn-rich solute are directly observed. The advancement of the solidification front at the plume positions is decelerated and the dendrite tip positions fall behind the neighboring regions where no plume exist. A forced melt flow is induced when the TMF was applied. Preferential growth of the secondary arms is observed at the incoming flow sides of the primary dendrite arms, whereas the growth of the secondary arms at the opposite sides of the primary dendrite arms is suppressed due to the high Sn solute concentration. Besides, the dendrites remelting and fragmentation due to the solute enrichment are also observed. But the flow induced mechanical fragmentation is not observed directly in the present study.
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 1 Fig. 1: Schematic of synchrotron radiation imaging experimental setup.

Fig. 2 :

 2 Fig. 2: Sequence of in-situ radiographs recorded during the solidification of Sn-50wt.%Pb alloy with and without a TMF. (a)-(c) Solidification without a TMF; (d)-(f) solidification under the influence of a TMF.

Fig. 3 :

 3 Fig. 3: (a) Gray level distribution in the melt measured at position of horizontal line A marked in Fig. 2c; (b) gray level distribution in the melt ahead of the solid-liquid interface at positions of longitudinal lines B and C marked in Fig. 2c. Fig. 2d-f show the change of concentration field and the evolution of dendritic structure under the influence of TMF. A forced melt flow is induced ahead of the solidification front when the TMF was applied. As a consequence, the welldeveloped upright ascending plumes became unstable and the bottom of the plumes tend to deflect to the right, as shown in Fig. 2d. The plume denoted by the green arrow is seriously inclined and finally disappeared. The TMF induced melt convection ahead of the solidification front facilitates the solute transportation laterally and reduces the local fluctuations of solute concentration to some extent. As shown in Fig.2e-f, preferential growth of the secondary arms (denote by the orange arrows) is observed at the incoming flow sides of the primary dendrite arms. While the growth of the secondary arms at the opposite sides of the primary dendrite arms is suppressed due to the high Sn solute concentration. Similar dendrite growth behaviors are also captured by Shevchenko et al[21] in the solidification of Ga-In alloys. Meanwhile, the growth of Pb dendrites causes an accumulation of rejected Sn in the interdendritic zone in the process of solidification. The solute pile-up reduces the local undercooling and promotes a partly remelting of the dendritic structure, as shown in Fig.2f (red circles). As a consequence, small pieces of fragments detached from the dendritic network and fall into the mushy zone. Besides, forced flow induced mechanical fragmentation is not observed directly in the present study.
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